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14.  ABSTRACT 

Radiation  therapy  is  a  first  line  treatment  for  prostate  cancer  patients  and  the  patient’s  response  is  generally  good.  However,  approximately 
10%  of  low-risk  and  up  to  60%  of  high-risk  prostate  cancer  patients  will  experience  biochemical  recurrence  within  five  years  after 
radiotherapy.  We  have  found  that  following  a  clinical  radiation  therapy  protocol  (2  Gy/day,  5  days/week),  ionizing  radiation  (IR)  induced 
the  LNCaP  prostate  cancer  cells  to  transdifferentiate  into  neuroendocrine-like  (NE-like)  cells,  a  process  also  known  as  neuroendocrine 
differentiation  (NED)  that  is  associated  with  disease  progression  and  the  acquisition  of  androgen-independent  growth.  Once  differentiated, 
the  NE-like  cells  are  highly  resistant  to  radiation  and  survive  the  treatment  without  any  obvious  cell  death.  Furthermore,  we  have 
demonstrated  that  two  transcription  factors,  CREB  and  ATF2  oppose  each  other  to  regulate  IR-induced  NED.  Significantly,  we  also  found 
that  IR-induced  NE-like  cells  are  reversible  and  dedifferentiated  cells  are  cross-resistant  to  treatments.  We  have  also  extended  our  findings 
in  LNCaP  cells  to  two  other  prostate  cancer  cell  lines  and  demonstrated  that  targeting  CREB  signaling  can  increase  IR-induced  cell  death. 
We  also  demonstrated  that  IR  induces  NED  in  xenograft  nude  mouse  models  and  in  human  prostate  cancer  patients.  Preliminary  screening 
has  identified  CaMKII  and  PRMT5  as  important  regulators  of  CREB  involved  in  IR-induced  NED.  These  findings  suggest  that  radiation- 
induced  NED  may  represent  a  novel  pathway  by  which  prostate  cancer  cells  survive  the  treatment  and  contribute  to  recurrence. 
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Introduction 


The  neuroendocrine  (NE)  cells  are  one  of  the  three  types  of  epithelial  cells  in  the  human 
prostate,  and  are  present  in  almost  all  cases  of  prostatic  adenocarcinoma  [1,  2],  Although  the 
physiological  role  of  NE  cells  in  the  normal  prostate  remains  unclear,  increased  number  of  NE- 
like  cells  is  found  in  advanced  prostate  cancer.  Accumulated  evidence  suggests  that  NE-like  cells 
produce  a  number  of  growth  factors  and  peptide  hormones  that  facilitate  the  growth  of 
surrounding  tumor  cells  in  a  paracrine  manner,  and  that  NE-like  cells  are  clinically  associated 
with  androgen-independent  growth  of  prostate  cancer,  currently  called  as  castration  resistant 
prostate  cancer  (CRPC)  [1-4],  Consistent  with  this,  androgen  ablation  can  also  induce  NE 
differentiation  (NED)  of  prostate  cancer  in  vitro  and  in  vivo  [4-10],  Hence,  the  number  of  NE- 
like  cells  appears  to  be  an  indicator  of  prostate  cancer  progression.  In  addition  to  androgen 
ablation,  IL-6  [11-16]  and  agents  that  elevate  the  intracellular  level  of  cAMP  also  induce  NED 
[12,  17-20].  Our  preliminary  results  showed  that  ionizing  radiation  (IR)  also  induced  NED  in 
vitro.  Interestingly,  irradiated  cells  showed  increased  cytoplasmic  localization  of  activating 
transcription  factor  2  (ATF2)  and  an  increase  in  the  phosphorylated  form  of  cAMP  response 
element  binding  (CREB)  protein.  ATF2  and  CREB  both  belong  to  the  basic  region  leucine 
zipper  (bZIP)  family  of  transcription  factors  and  bind  the  same  cAMP  response  element  (CRE) 
as  a  homodimer  or  a  heterodimer  to  regulate  gene  transcription  [21],  While  some  target  genes 
can  be  activated  by  CREB  and  ATF2  equally  or  cooperatively  [22-24],  differential  regulation  of 
other  target  genes  by  CREB  and  ATF2  has  also  been  observed  [25-29],  Importantly,  CREB  is 
implicated  in  prostate  cancer  growth  [30],  acquisition  of  androgen  independent  growth  [31], 
cAMP-induced  NED  [18,  32],  and  transcription  of  prostate-specific  antigen  [33]  and 
chromogranin  A  (CgA),  a  protein  secreted  by  NE  and  NE-like  cells  [32],  Based  on  these 
preliminary  findings,  we  hypothesized  that  ATF2  may  function  as  a  transcriptional  repressor  and 
CREB  acts  as  a  transcription  activator  of  NED.  Hence,  IR  induces  NED  by  sequestering  ATF2  in 
the  cytoplasm  and  activating  CREB  in  the  nucleus.  To  determine  how  ATF2  and  CREB  regulate 
NED  at  the  transcriptional  level,  we  proposed  three  specific  aims  in  the  applications:  (1) 
determine  functional  relationship  between  CREB  and  ATF2  in  IR-induced  NED;  (2)  elucidate 
molecular  mechanisms  underlying  regulation  of  IR-induced  NED  by  pCREB  and  ATF2;  (3) 
identify  cytoplasmic  signals  responsible  for  the  cytoplasmic  sequestration  of  ATF2  and  nuclear 
accumulation  of  pCREB.  Given  that  NE-like  cell  is  an  indicator  of  cancer  progression  and  that 
NE-like  cells  are  highly  resistant  to  radiation-  and  other  agents-induced  apoptosis,  our  novel 
observation  that  IR  can  induce  NED  in  prostate  cancer  cells  uncovers  a  novel  pathway  by  which 
cancer  cells  may  develop  radioresistance.  Successful  completion  of  this  project  will  allow  for  the 
development  of  novel  radiosensitization  approaches  by  targeting  NED  at  the  transcriptional 
regulation  level. 
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Body 


Completion  of  Approved  Statement  of  Work 

Task  1.  Aim  1:  Determine  the  functional  relationship  between  CREB  and  ATF2  in  IR-induced 

NED  (Months  1-18) 

a.  We  will  first  use  LNCaP  cells  to  establish  stable  cell  lines  expressing 
tetracycline  repressor  (Months  1-3) 

b.  Subclone  our  current  two  siRNA  constructs  for  both  CREB  and  ATF2  into 
pRNATin-Hl. 2/Neo  vector  and  stably  transfect  them  into  repressor¬ 
expressing  cell  lines  to  isolate  stably  integrated  clones  (Months  2-6). 

c.  Subclone  cDNAs  encoding  different  CREB  and  ATF2  mutants  into 
pcDNA4/TO  vector  (Months  4-6). 

d.  Establish  stable  cell  lines  expressing  siRNA  and  different  mutant  CREB  and 
ATF2  proteins  (Months  6-12). 

e.  Optimize  expression  conditions  (Months  7-10). 

f.  Examine  knockdown  effect  of  CREB  and  ATF2  on  IR-induced  NED  (Months 
7-18). 

g.  Examine  the  effect  of  overexpressed  constitutively  cytoplasmic-  and  nuclear- 
localized  pCREB  or  ATF2  on  IR-induced  NED  (Months  7-18). 

We  have  completed  all  experiments  proposed  in  Aim  1.  Stable  and 
tetracycline-inducible  LNCaP  cell  lines  to  express  tetracycline  repressor  were  established 
and  screened.  Screening  of  these  stable  cell  lines  identified  one  that  showed  high 
expression  of  the  tetracycline  repressor.  This  cell  line  was  used  to  establish  several  stable 
cell  lines  [pcDNA4/TO,  pcDNA4/TO-CREB(S133A),  pcDN A4/T 0-nATF2 ,  pRNATin- 
Hl. 2/Neo- ATF2shRNA,  pRNATin-Hl. 2/Neo-CREBshRNA)].  Three  stable  cell  lines 
expressing  the  dominant  negative  mutant  CREB  (CREB-S133A)  and  the  constitutively 
nuclear-localized  ATF2  (nATF)  were  used  to  assess  their  role  in  IR-induced  NED.  We 
found  that  induction  of  CREB-S133A  or  nATF2  inhibited  IR-induced  NED.  The  results 
are  presented  in  our  Cancer  Research  paper  [34],  Results  are  presented  in  Figure  4  (page 
9667)  and  methods  are  presented  on  page  9664. 

We  have  also  demonstrated  that  overexpression  of  a  constitutively  cytoplasmic- 
localized  ATF2  induced  NED.  This  is  due  to  the  sequestration  of  endogenous  ATF2  in 
the  cytoplasm  by  cATF2.  This  result  is  similar  to  NED  induced  by  ATF2  knockdown  in 
transient  transfection.  These  results  are  presented  in  Figure  3  (page  9666)  and 
Supplemental  Figures  2  and  3. 

Because  CREB  can  be  phosphorylated  and  activated  by  multiple  phosphorylation 
at  multiple  sites  [35],  we  reasoned  that  targeting  of  CREB  using  dominant  negative 
mutants  would  allow  elucidation  of  the  critical  role  of  CREB  in  IR-induced  NED.  For 
this  purpose,  we  have  developed  tetracycline-inducible  stable  cell  lines  expressing 
ACREB  (Fig.  1A).  ACREB  is  a  bZIP  domain  only  in  which  the  basic  region  was 
replaced  with  acidic  residues,  which  prevents  the  binding  to  DNA  while  retaining  he 
ability  to  dimerize  with  CREB  or  other  partners.  ACREB  has  been  used  as  a  potent 
dominant  negative  mutant  to  evaluate  the  role  of  CREB  in  cellular  processes  [36,  37]. 
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With  these  stable  cell  lines  in  hands,  we  have  demonstrated  that  overexpression  of 
ACREB  can  sensitize  LNCaP  cells  to  IR  (Fig.  IB,  1C).  Because  IR-induced  NED 
constitutes  two  distinct  phases:  acquisition  of  radioresistance  during  the  first  two  weeks 
(weeks  1-2)  and  NED  during  the  second  two  weeks  (weeks  3-4)  (Fig.  2A).  We  have 
specifically  examined  whether  knockdown  of  CREB  can  inhibit  IR-induced  NED  during 
the  second  phase.  As  shown  in  Fig.  2B  and  2C,  induction  of  CREB  shRNAs  by 
doxycycline  during  weeks  3  and  4  inhibited  IR-induced  neurite  outgrowth  and  increased 
IR-induced  cell  death.  These  results  provide  strong  evidence  that  inhibition  of  IR-induced 
NED  per  se  is  sufficient  to  sensitize  prostate  cancer  cells  to  radiation. 

Task  2.  Aim  2:  Elucidate  molecular  mechanisms  underlying  the  promotion  of  NED  by  pCREB 

and  the  repression  by  ATF2  (Months  12-24) 

a.  Make  reporter  gene  constructs  or  obtain  from  other  labs  and  optimize  ChIP 
conditions  (Months  12-16). 

b.  Determine  the  effect  of  pCREB  and  ATF2  on  CgA-Luc  activation  (Months 
12-16). 

c.  Perform  ChIP  assays  to  determine  the  kinetic  changes  in  the  binding  of 
pCREB,  CREB,  ATF2  and  other  possible  AP-1  proteins  on  the  CRE  site  in 
the  CgA  promoter  and  NSE  promoter  in  response  to  IR  (Months  16-24). 

d.  Determine  the  role  of  ATF2  in  prostate  cancer  cell  growth  and  cell  death 
(Months  16-24). 

We  have  completed  all  experiments  proposed  in  Aim  2.  (1)  We  performed 
EMSA  assays  and  confirmed  that  CREB  and  ATF2  both  can  bind  the  conserved  CRE  site 
in  the  CgA  promoter  (Fig.  3).  (2)We  made  CgA  and  NSE  luciferase  reporter  gene 
constructs  and  examined  the  effect  of  CREB  and  ATF2  on  these  reporter  genes.  We 
indeed  observed  that  IR  can  activate  the  CgA  reporter  gene  and  its  activity  can  be 
inhibited  by  ATF2  (Fig.  4).  (3)  We  also  performed  ChIP  assay  and  found  that  IR 
increased  pCREB  binding  to  the  CgA  promoter  (Fig.  5).  However,  the  binding  of  ATF2 
to  the  CgA  promoter  did  not  change  in  non-irradiated  or  irradiated  cells.  (4)  We  observed 
that  knockdown  of  ATF2  also  induced  neurite  extension  and  cell  death  and  these  results 
are  presented  in  the  Cancer  Research  paper  [34], 

Task  3.  Aim  3:  Determine  how  IR  induces  cytoplasmic  sequestration  of  ATF2  and  identify 
cytoplasmic  signals  that  may  regulate  subcellular  localization  of  pCREB  and  ATF2 
(Months  24-36) 

a.  Examine  whether  IR  increases  ATF2  homodimerization  in  the  cytoplasm 
(Months  24-28). 

b.  Examine  whether  IR  stabilizes  the  intramolecular  interaction  of  ATF2 
(Months  24-  28). 

c.  Examine  the  effect  of  AKT  on  the  subcellular  localizations  of  ATF2  and 
pCREB  (Months  24-36). 

d.  Screen  for  other  possible  cytoplasmic  signal  that  may  be  involved  in 
regulating  the  subcellular  localizations  of  ATF2  and  pCREB  (Months  24-36). 

e.  Identify  cytoplasmic  interacting  proteins  of  pCREB  and  ATF2  using  mass 
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spectrometry  and  functionally  determine  the  roles  of  candidate  interacting 
proteins  in  regulating  the  subcellular  localizations  of  pCREB  and  ATF2  and  in 
regulating  IR-induced  NED  (Months  24-36) 

We  have  completed  all  experiments  proposed  in  Aim  3.  We  have  screened 
several  other  protein  kinases  including  AKT  using  specific  inhibitors  to  determine 
whether  any  of  these  protein  kinases  might  be  involved  in  radiation-induced  CREB 
phosphorylation.  We  identified  PKA  as  a  potential  protein  kinase  responsible  for  IR- 
induced  CREB  phosphorylation  during  the  first  week  treatment  (Fig.  6).  We  also 
collaborated  with  Dr.  Andy  Tao  to  identify  cytoplasmic  interacting  proteins  of  ATF2  and 
CREB  using  mass  spectrometry.  We  identified  some  candidate  proteins  and  demonstrated 
that  CaMKII  is  a  cytoplasmic  interacting  protein  of  pCREB  (Fig.  7A).  We  also  found  that 
CaMKII  interacted  pCREB  in  the  cytoplasm  (Fig.  7B).  In  addition,  inhibition  of  CaMKII 
activity  by  its  specific  inhibitor  KN-93  did  result  in  inhibition  of  neurite  extension  and 
increased  IR-induced  cell  death  (Fig.  7C,  left  panel)  and  inhibited  IR-induced  CREB 
phosphorylation  (Fig.  7C,  right  panel).  We  also  characterized  the  role  of  protein  arginine 
methyltransferase  5  (PRMT5)  in  IR-induced  NED  and  radioresistance,  another  protein 
identified  from  the  CREB  mass  spectrometry  analsysis.  PRMT5  belongs  to  a  family  of 
PRMTs,  which  are  important  epigenetic  regulators  and  involved  in  regulation  of  many 
cellular  processes  [38],  PRMT5  has  recently  been  reported  to  regulate  DNA  damage 
response  by  dimethylating  arginine  residues  in  histones  (e.g.  H4R3,  H3R8)  and  non¬ 
histone  substrates  (e.g.  CBP,  p53,  Rad9)  [39-43],  First,  we  performed  co- 
immunoprecipitation  to  confirm  the  interaction  between  CREB  and  PRMT5  (Fig.  8A). 
Second,  we  verified  that  PRMT5  interacts  with  CREB  primarily  in  the  cytoplasm  using 
our  BiFC  assay  (Fig.  8B).  Third,  we  confirmed  that  PRMT5  does  regulate  IR-induced 
CREB  activation  as  knockdown  of  PRMT5  inhibited  IR-induced  phosphorylation  of 
CREB  (Fig.  8C).  These  results  suggest  that  PRMT5  may  play  an  important  role  in 
regulating  IR-induced  NED.  Because  the  mechanism  of  radiotherapy  is  the  induction  of 
double  stranded  breaks,  we  were  very  interested  in  the  potential  role  of  PRMT5  in 
regulating  IR-induced  NED.  To  functionally  and  systematically  characterize  the  role  of 
PRMT5  in  regulating  the  response  of  prostate  cancer  cells  to  radiation,  we  examined 
whether  IR  alters  the  expression  level  of  PRMT5.  As  shown  in  Fig.  9 A,  IR  increased  the 
expression  of  PRMT5  in  a  dose-dependent  manner  not  only  in  LNCaP  cells  but  also  in 
DU-145  and  PC-3  prostate  cancer  cells.  Importantly,  we  verified  that  IR  also  induced 
PRMT5  overexpression  LNCaP  xenograft  tumors  (Fig.  9B).  Furthermore,  radiation- 
induced  PRMT5  overexpression  was  observed  in  the  isolated  dedifferentiated  LNCaP 
sublines  (Fig.  10A)  and  in  clinically  recurrent  prostate  cancer  tissues  from  prostate  cancer 
patients  after  radiotherapy  failure  (Fig.  10B).  Importantly,  knockdown  of  PRMT5  or 
inhibition  of  PRMT5  by  a  small  molecule  inhibitor  (provided  by  collaborator  Dr. 
Chenglong  Li  at  Ohio  State  University)  increased  IR-induced  cell  death  and  sensitized 
cells  to  IR  (Fig.  11).  Taken  together,  these  preliminary  results  strongly  suggest  that  IR- 
induced  PRMT5  overexpression  may  confer  the  resistance  to  radiotherapy  and  contribute 
to  tumor  recurrence.  These  exciting  preliminary  data  have  enabled  us  to  successfully 
secure  a  second  DOD  grant  (Idea  Development  Award)  starting  from  July  1,  2012. 

We  also  performed  an  ATF2  mass  spectrometry  analysis.  Unfortunately,  there  is 
no  interesting  candidate  protein  in  the  list  (Table  1)  and  we  did  not  characterize  them 
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further.  We  failed  to  observe  any  increased  homodimerization  of  ATF2  using  our  BiFC 
assay.  We  have  used  a  variety  of  assays  (BiFC,  Co-IP,  GST  pulldown,  in  vitro  binding) 
to  prove  a  previously  reported  intramolecular  interaction  of  ATF2.  Unfortunately,  we 
failed  to  demonstrate  it.  Instead,  we  identified  a  novel  NES  in  the  most  N-terminal  end  of 
ATF2,  which  is  required  for  ATF2  nuclear  localization  and  transcriptional  activity.  This 
work  has  been  published  in  the  Journal  of  Biological  Chemistry  (see  Attached  PDF)  [44], 
As  reviewers  pointed  out,  the  proposed  Aim  3  was  overambitious.  Nevertheless,  we  have 
conducted  all  proposed  experiments  and  identified  some  interesting  regulators  of  CREB 
and  discovered  a  novel  regulatory  mechanism  of  ATF2  subcellular  localization.  We  will 
continue  the  characterization  of  these  regulators,  in  particular  PRMT5,  under  the  support 
of  our  new  DOD  grant. 

Additional  accomplishments  beyond  the  Approved  SOW 

(1)  We  have  also  demonstrated  that  IR-induced  NED  is  reversible.  Importantly,  we 
have  isolated  three  dedifferentiated  clones  and  found  that  these  dedifferentiated 
cells  have  acquired  the  ability  to  be  cross-resistant  to  radiation,  androgen  ablation, 
and  chemotherapeutic  agent  docetaxel.  Also,  these  dedifferentiated  clones 
respond  poorly  to  IR-  or  androgen  ablation-induced  NED.  These  findings  strongly 
suggest  that  IR-induced  NED  may  represent  a  novel  pathway  by  which  prostate 
cancer  cells  survive  the  treatment  and  contribute  to  recurrence.  These  results  are 
presented  in  Figures  5  and  6  (page  9668)  and  Supplementary  Figures  4  and  5  in 
the  Cancer  Research  paper  [34], 

(2)  We  have  extended  our  finding  in  LNCaP  cells  to  two  other  prostate  cancer  cell 
lines  (DU- 145  and  PC-3).  We  observed  that  IR  induced  neurite  extension  and  the 
expression  of  CgA  and  NSE  to  a  lesser  extent  when  compared  with  LNCaP  cells. 
We  also  confirmed  that  IR  induced  cytoplasmic  sequestration  of  ATF2  and  CREB 
phosphorylation  in  a  subset  of  cells  in  DU-145  and  PC-3.  These  results  are  now 
included  in  the  attached  publication  (Am  J  Cancer  Res)  [45], 

(3)  We  have  also  initiated  the  collaboration  with  Dr.  Tim  Ratliff,  Dr.  Ben  Elzey,  Dr. 
Jean  Poulson  and  Dr.  Wally  Morrison  at  Purdue  to  confirm  that  IR  also  induced 
NED  in  LNCaP  xenograft  tumors.  More  importantly,  we  found  that  IR  elevated 
the  plasma  CgA  level  by  2-4  fold  after  20  and  40  Gy  of  irradiation  when 
compared  with  the  plasma  CgA  level  before  radiation.  This  finding  is  very 
exciting  given  that  CgA  has  been  used  to  diagnose  neuroendocrine  tumors 
clinically.  We  hypothesized  that  monitoring  plasma  CgA  will  allow  for  evaluation 
of  radiotherapy-induced  NED  and  this  may  allow  for  the  establishment  of  a 
clinical  correlation  between  radiation-induced  NED  and  clinical  outcomes.  Since 
we  noticed  that  plasma  CgA  levels  are  affected  by  the  tumor  volume  (no  of  tumor 
cells),  we  have  recently  measured  plasma  PSA  levels  and  normalized  CgA  levels 
to  PSA  levels.  In  all  irradiated  tumor-bearing  mice,  we  observed  an  average  of  5- 
fold  increase.  This  result  along  with  the  immunohistochemical  results  are  all 
included  in  the  Am  J  Cancer  Res  [45], 

(4)  Our  exciting  finding  from  in  vivo  studies  prompted  us  to  explore  whether 
radiotherapy  can  induce  NED  in  prostate  cancer  patients.  For  this  purpose,  we 
have  collaborated  with  Dr.  Song-Chu  Ko  at  Indiana  University  School  of 
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Medicine  to  perform  a  pilot  study.  We  enrolled  9  prostate  cancer  patients,  and 
collected  their  blood  samples  before,  in  the  middle  of,  and  immediately  after 
radiotherapy.  We  then  measured  serum  CgA  levels  and  PSA  levels.  Two  patients 
showed  elevation  of  serum  CgA  levels  after  radiotherapy.  When  normalized  to 
serum  PSA  levels,  4  out  of  9  patients  (44%)  showed  1. 5-2.2  fold  increase  in 
serum  CgA.  This  finding,  along  with  our  in  vitro  and  in  vivo  studies,  strongly 
suggests  that  radiotherapy  can  indeed  induce  NED  in  a  subset  of  prostate  cancer 
patients.  Further  detailed  analysis  of  radiotherapy-induced  NED  in  prostate  cancer 
patients  in  a  large  scale  study  will  likely  provide  new  insight  into  the  role  of  NED 
in  the  therapeutic  responses  and  prognosis  in  prostate  cancer  patients.  These 
results  are  also  included  in  the  Am  J  Cancer  Res  paper  [45]. 
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Key  Research  Accomplishments 

■  Demonstrated  that  40  Gy  of  irradiation  is  sufficient  to  induce  neurite  extension  in  LNCaP 
cells 

■  Demonstrated  that  40  Gy  of  irradiation  can  induce  expression  of  two  NE  markers 
chromagranin  A  (CgA)  and  neuron  specific  enolase  (NSE) 

■  Demonstrated  that  IR-induced  NE-like  cells  show  increased  cytoplasmic  localization  of 
ATF2  and  increased  pCREB  in  the  nucleus 

■  Demonstrated  that  10  Gy  of  irradiation  is  enough  to  induce  cytoplasmic  sequestration  of 
ATF2  and  nuclear  accumulation  of  pCREB 

■  Demonstrated  that  knockdown  of  ATF2  or  overexpression  of  a  constitutively 
cytoplasmic-localized  ATF2  induces  NED 

■  Demonstrated  that  overexpression  of  VP16-bCREB  induces  NED  and  its  induction  of 
NED  can  be  attenuated  by  a  constitutively  nuclear-localized  ATF2  (nATF2) 

■  Demonstrated  that  overexpression  of  nATF2  or  CREB-S133A  (dominant  negative  mutant 
of  CREB)  can  inhibit  IR-induced  neurite  outgrowth.  However,  only  nATF2,  but  not 
CREB-S133A,  inhibits  IR-induced  CgA  and  NSE  expression. 

■  Demonstrated  that  IR-induced  NED  is  reversible  and  dedifferentiated  cells  are  cross- 
resistant  to  the  treatments  with  radiation,  androgen  ablation  and  chemotherapeutic  agent 
docetaxel. 

■  Demonstrated  that  CREB  can  activate  the  CgA  reporter  gene. 

■  Demonstrated  that  IR  induced  pCREB  binding  to  CgA. 

■  Demonstrated  that  IR  also  induced  neurite  extension  in  DU-145,  PC-3  and  VCaP  cells 
and  the  expression  of  CgA  and  NSE  to  certain  extent. 

■  Demonstrated  that  IR  induced  CgA  expression  in  LNCaP  xenograft  tumors. 

■  Demonstrated  that  IR  increased  plasma  CgA  levels  in  LNCaP  xenograft  tumor-bearing 
nude  mice. 

■  Identified  PKA  as  a  potential  protein  kinase  responsible  for  IR-induced  CREB  activation 

■  Identified  CaMKII  as  a  potential  upstream  protein  kinase  of  CREB  involved  in  IR- 
induced  NED. 

■  Identified  PRMT5  as  a  potential  regulator  of  CREB  involved  in  radiation-induced  NED 

■  Demonstrated  that  radiation- induced  PRMT5  overexpression  may  confer  the  resistance  to 
radiotherapy  and  contribute  to  tumor  recurrence. 

■  Demonstrated  that  A-CREB  expression  can  sensitize  LNCaP  cells  to  IR. 

■  Showed  that  radiotherapy  in  prostate  cancer  patients  can  induce  NED  in  44%  of  patients. 
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Reportable  Outcomes 

1 .  Publications  of  research  results  relevant  to  the  DOD  grant 

(1)  Deng,  X.,  Liu,  H.,  Huang,  J.,  Cheng,  L.,  Keller,  E,  Parsons,  S.J.  and  Hu,  C.D. 
Ionizing  radiation  induces  prostate  cancer  cell  neuroendocrine  differentiation 
through  interplay  of  CREB  and  ATF2:  Implications  for  disease  progression. 
Cancer  Res.  68:9663-9670  (2008) 

(2)  Deng,  X.,  Elzey,  B.D,  Poulson,  J.M.,  Morrison,  W.B.,  Ko,  S.C.,  Hahn,  N.M., 
Ratliff,  T.L.,  and  Hu,  C.D.  Ionizing  radiation  induces  neuroendocrine 
differentiation  in  vitro,  in  vivo  and  in  human  prostate  cancer  patients.  Am.  J. 
Cancer.  Res.  1:834:844  (2011) 

(3)  Hsu,  C.  and  Hu,  C.D.  Critical  role  of  an  N-terminal  end  nuclear  export  signal  in 
regulation  of  ATF2  subcellular  localization  and  transcriptional  activity.  J.  Biol. 
Chem.  287:8621-8632  (2012) 

2.  Manuscript  in  preparation 

Suarez  C.,  Deng,  X.  and  Hu,  C.D,  CREB  signaling  is  critical  for  radiation-induced 
neuroendocrine  differentiation:  implication  for  prostate  cancer  radiotherapy 

3.  Meeting  attendance 

The  interplay  of  CREB  and  ATF2  in  regulating  ionizing  radiation-induced 
neuroendocrine  differentiation  in  prostate  cancer  cells 

Authors:  Xuehong  Deng,  Han  Liu,  Jiaoti  Huang,  Liang  Cheng,  Evan  T.  Keller,  Sarah  J. 

Parsons,  and  Chang-Deng  Hu 

Meeting:  Mechanisms  and  Models  of  Cancer 

Place  and  Date:  Cold  Spring  Harbor,  August  13-17,  2008 

Radiation  induces  neuroendocrine  differentiation  of  prostate  cancer  cell  lines  in  vitro  and 
in  vivo 

Authors:  Chang-Deng  Hu,  Bennett  Elzey,  Jean  Poulson,  Wallace  Morrison,  Xuehong 
Deng,  Sandra  Torregrosa-Allen,  Timothy  Ratliff 
Meeting:  2010  AUA  Meeting  and  SBUR  meeting 
Place  and  Date:  San  Francisco,  May  28-June  3,  2010 

Radiation  induces  neuroendocrine  differentiation  of  prostate  cancer  cells  in  vitro  and  in 
vivo:  Implications  for  prostate  cancer  radiotherapy 

Authors:  Chang-Deng  Hu,  Xuehong  Deng,  Christopher  Suarez,  Bennett  D.  Elzey,  Jean  M. 

Poulson,  Wallace  B.  Morrison,  Sandra  Torregrosa-Allen,  Jiaoti  Huang,  Liang  Cheng, 

Evan  T.  Keller,  Sarah  J.  Parsons,  Timothy  L.  Ratliff 

Meeting:  2011  IMPaCT 

Place  and  Date:  Orlando,  March  9-12,  201 1 

Targeting  radiation- induced  neuroendocrine  differentiation  as  a  novel  radiosensitization 
approach  for  prostate  cancer  radiotherapy 

Authors:  Chang-Deng  Hu.  Xuehong  Deng,  Christopher  Suarez,  Bennett  D.  Elzey,  Jean  M. 
Poulson,  Wallace  B.  Morrison,  Song-chu  Ko,  Noah  Hahn,  Timothy  L.  Ratliff 
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Meeting:  2011  SBUR 

Place  and  Data:  Las  Vegas,  November  10-13,  2011 

4.  Invited  Seminars  (prostate  cancer  related  only) 

(1)  Ionizing  radiation-induced  neuroendocrine  differentiation:  implication  in  prostate 
cancer  therapy 

Place:  University  of  Virginia  Cancer  Center 
Date:  December  18,  2008 

(2)  Ionizing  radiation-induced  neuroendocrine  differentiation:  implication  in  prostate 
cancer  therapy 

Place:  Indiana  University  Medical  School,  Department  of  Bioehcmistry 
Date:  February  2,  2009 

(3)  Mechanisms  and  targeting  of  therapy-resistant  prostate  cancer 
Place:  Beijing  University  Cancer  Hospital 

Date:  September  13,  2010 

(4)  Mechanisms  and  targeting  of  therapy-resistant  prostate  cancer 
Place:  Wannan  Medical  College 

Date:  September  25,  2010 

(5)  Mechanisms  and  targeting  of  therapy-resistant  prostate  cancer 
Place:  Tulane  University 

Date:  February  8,  2010 

(6)  Mechanisms  and  targeting  of  therapy-resistant  prostate  cancer 
Place:  Sun-Yat-sun  University  Medical  School 

Date:  July  10,  201 1 

(7)  Mechanisms  and  targeting  of  therapy-induced  neuroendocrine  differentiation  for 
prostate  cancer  treatment 

Place:  Mayo  Clinic 
Date:  March  13,  2012 

(8)  Radiotherapy-induced  neuroendocrine  differentiation:  Implications  in  prostate 
cancer  progression  and  treatment 

Place:  University  of  Western  Ontario  Cancer  Center 
Date:  April  25,  2012 

(9)  Recent  advances  in  prostate  cancer  diagnosis  and  treatment 
Place:  Tongling  Traditional  Chinese  Medicine  Hospital 
Date:  May  31,  2012 

(10)  Mechanisms  and  targeting  of  radiotherapy- induced  neuroendocrine 
differentiation  for  prostate  cancer  treatment 

Place:  Jiangshu  University  School  of  Medical  Technology  and  Laboratory 
Medicine 

Date:  June  6,  2012 

5.  Development  of  cell  lines 

We  have  isolated  three  radiation  resistant  clones  LNCaP-IRRl,  LNCaP-IRR2  and 
LNCaP-IRR3  from  dedifferentiated  cells.  These  clones  will  be  useful  for  molecular 
mechanism  study  and  for  development  of  novel  therapeutics.  We  have  also  recently 
isolated  several  sublines  from  DU- 145  after  40  and  70  Gy  of  irradiation. 
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6.  Degrees  awarded 

Chih-chao  Hsu:  Thesis  defense  has  been  scheduled  for  August  and  Ph.D.  degree  will  be 
awarded  in  December,  2012. 

Christopher  Suarez:  Thesis  defense  will  take  place  in  December  of  2012  and  Ph.D. 
degree  will  be  awarded. 

7.  Funding  applied  and  funded 

Title:  Targeting  of  prostate  cancer  transdifferentiation  and  proliferation  via  a  novel  DNA 
nanotube-based  nucleic  acid  delivery 

Agency:  Lilly  Seed  Grant  (School  of  Pharmacy  and  Pharmaceutical  Sciences,  Purdue) 

PI:  Chang-Deng  Hu 
Total  Cost:  $100,000 
Period:  Jan  2009  -  Dec  2010 

Title:  Radiation-induced  prostate  cancer  transdifferentiation  in  vivo 
Agency:  Purdue  University  Center  for  Cancer  Research 
PI:  Chang-Deng  Hu 
Grant  Period:  01/01/09-12/31/10 

Total  Cost:  $23,400  (milestone-based  funding  for  a  total  of  $50,000) 

Goals:  The  goal  of  this  project  is  to  use  xenograft  nude  mice  prostate  cancer  cell 
models  to  investigate  whether  CREB  and  ATF2  contribute  to  radiation-induced 
neuroendocrine  differentiation  in  vivo  and  to  determine  whether  radiation  induces 
changes  of  pCREB  and  ATF2  subcellular  localization. 

Title:  Chromogranin  A:  a  biomarker  to  monitor  radiotherapy-induced 

neuroendocrine  differentiation  and  to  predict  prognosis 

Agency:  Indiana  Translational  Science  Institute 

PI:  Chang-Deng  Hu 

Grant  Period:  07/01/2010-06/30/2011 

Total  Cost:  $8,000 

Goals:  The  goal  of  this  pilot  study  is  to  measure  serum  CgA  before,  during  and  after 
radiotherapy  from  20  prostate  cancer  patients.  We  will  use  the  preliminary  results  to 
do  power  calculation  for  a  large  scale  analysis.  We  have  already  obtained  results 
from  9  patients  and  found  that  4  out  of  9  patients  showed  serum  CgA  elevation.  This 
is  sufficient  for  our  purpose. 

Title:  Targeting  PRMT5  as  a  novel  radiosensitization  approach  for  primary  and 

recurrent  prostate  cancer  treatment 

Agency:  DoD  PCRP 

PI:  Chang-Deng  Hu 

Grant  Period:  07/01/2012-06/30/2015 

Total  cost:  $559,269 

Goals:  The  goal  of  this  Idea  Development  Award  will  test  whether  targeting  PRMT5 
can  radiosensitize  prostate  cancer  cells.  In  vitro  and  in  vivo  model  systems  developed 
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through  current  DoD  support  will  be  used  to  assess  the  role  of  radiation-induced 
PRMT5  overexpression  in  radioresistance  and  tumor  recurrence. 
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List  of  people  who  have  been  supported  (pay  received) 


Chang-Deng  Hu  (PI) 

Xuehong  Deng  (Technician) 
Christopher  Suarez  (Graduate  student) 
Chih-chao  Hsu  (Graduate  Student) 
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Conclusion 


Under  the  support  of  this  prostate  cancer  idea  development  award,  we  have  demonstrated 
that  IR  can  induce  neuroendocrine  differentiation  (NED)  in  the  prostate  cancer  cells  LNCaP, 
DU-145  and  PC-3.  Furthermore,  we  have  also  shown  that  radiation  also  induces  NED  in  LNCaP 
xenografted  tumors  in  nude  mice  and  increases  plasma  chromogranin  A  levels.  We  have  shown 
that  two  CRE-binding  transcription  factors  ATF2  and  CREB  plays  an  opposite  role  in  regulation 
of  NED  and  that  IR  induces  NED  by  impairing  ATF2  nuclear  import  and  increasing  nuclear- 
localized  phosphorylated  CREB  (pCREB).  Importantly,  we  have  also  shown  that  IR-induced 
NED  is  reversible  and  three  radiation  resistant  clones  derived  from  dedifferentiated  cells  are 
cross-resistant  to  radiation,  androgen  depletion  and  docetaxel  treatments.  Further  evidence  comes 
from  the  finding  that  IR  increases  the  CgA  reporter  gene  activity  and  induces  pCREB  binding  to 
the  CgA  promoter.  All  of  these  together  strongly  support  the  idea  that  CREB  plays  a  critical  role 
in  IR-induced  NED.  We  have  provided  evidence  that  targeting  of  CREB  by  a  dominant  negative 
CREB,  A-CREB,  or  CREB  knockdown  can  sensitize  LNCaP  cells  to  IR  and  inhibit  IR-induced 
NED.  These  findings  suggest  that  IR-induced  NED  may  represent  a  novel  pathway  by  which 
prostate  cancer  cells  survive  treatment  and  contribute  to  recurrence.  Mass  spectrometry  analysis 
of  CREB  interacting  proteins  have  enabled  us  to  identify  CaMKII  as  a  potential  upstream  protein 
kinase  of  CREB  involved  in  IR-induced  NED.  Importantly,  we  have  identified  PRMT5  as  a 
novel  regulator  of  CREB  in  prostate  cancer  cells.  Significantly,  IR  also  induces  PRMT5 
overexpression  and  confers  the  resistance  to  radiation.  We  will  continue  to  elucidate  the  role  of 
PRMT5  in  regulating  the  response  of  prostate  cancer  cells  to  radiation  under  the  support  of  our 
new  DOD  grant.  In  addition,  we  have  extended  beyond  the  proposed  experiments  in  the  original 
submission  and  found  that  IR  induces  NED  in  two  other  prostate  cancer  cell  lines  and  in  LNCaP 
xenograft  tumors  in  nude  mice.  Interestingly,  we  have  also  observed  that  irradiation  of  LNCaP 
xenograft  tumors  in  nude  mice  also  increases  the  serum  CgA  level  in  mice.  This  finding  suggests 
that  serum  CgA  levels  can  be  used  as  a  biomarker  to  monitor  radiotherapy-induced  NED  in 
prostate  cancer  patients.  In  fact,  our  pilot  study  with  9  prostate  cancer  patients  has  shown  that  4 
out  of  9  patients  show  serum  CgA  elevation  after  radiotherapy.  Therefore,  we  are  seeking 
additional  funding  to  conduct  a  large  scale  study  to  confirm  this  pilot  study. 
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Figure  1.  ACREB  overexpression  increased  IR-induced  cell  death.  A.  Shown  are  the  model  of 
CREB  dimer  bound  on  DNA  (the  model  on  left).  TAD  refers  to  transcriptional  activation  domain,  which 
is  required  for  transcriptional  activity.  ACREB  is  the  bZIP  domain  only  without  the  TAD  domain  and 
has  its  basic  region  (required  for  DNA  binding)  replaced  with  acidic  residues  (the  model  on  right). 
However,  ACREB  retains  its  ability  to  dimerize  with  CREB  or  other  partners  without  DNA  binding,  thus 
acting  as  a  dominant  negative  mutant.  B.  Effect  of  ACREB  induction  on  cell  growth  in  the  absence  of 
fractionated  IR.  LNCaP  cells  cultured  in  RPMI1640  supplemented  with  antibiotics  and  10%  FBS  were 
treated  with  tetracycline  (1  mg/ ml)  or  water  control  for  the  indicated  days  and  harvested  for  cell 
viability  analysis  using  MTT  assay.  C.  Similar  experiments  were  performed  as  B  except  that  cells  were 
subjected  fractionated  IR  (2  Gy/day).  Images  shown  in  B  and  C  were  representative  images  acquired 
after  6  days  of  treatment. 
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Figure  2.  CREB  is  critica  I  for  radiation-induced  NED.  A.  Based  on  our  in  vitro  and  in  vivo  data, 
we  hypothesize  that  radiation-induced  NED  involves  at  least  two  phases.  The  first  two  weeks  is  the 
acquisition  of  radioresistance  phase,  in  which  the  majority  of  cells  die  and  a  fraction  of  cells  is 
selectively  survived.  The  second  phase  is  the  differentiation  process  in  which  su  rvived  cells 
reprogram  to  differentiate  into  NE-like  cells.  B.  Shown  is  the  scheme  of  treatments  of  LNCaP  stable 
cell  lines  that  can  inducibly  express  CREB  shRNA.  Cells  were  first  irradiated  for  two  weeks  (20  Gy) 
without  the  induction  of  CREB  shRNA  by  doxycli  ne  (Dox).  Beginning  the  third  week,  cells  were 
treated  with  Dox  to  induce  CREB  shRNA  expression.  The  control  group  was  treated  with  H20  only. 
Cells  were  continued  irradiated  and  treatment  for  the  third  (30  Gy)  and  fourth  week  (40  Gy).  C. 
Shown  are  representative  images  of  cells  that  were  irradiated  for  20  Gy,  30  Gy  and  40  Gy  with  or 
without  the  induction  of  CREB  shRNA  during  the  third  and  fourth  week  treatment. 
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Figure  3.  DNA  binding  of  ATF2  an  d  CREB  to  CgA.  The  bZIP  regions  of  CREB  and  ATF2 
were  expressed  in  E.  coli  and  purified  as  GST-tagged  fusion  proteins.  Approximately  2  pmol 
of  indicated  purified  fusion  proteins  were  in  cubated  with  50  n  g  of  biotin-la  beled  CRE 
consensus  sequences  derived  from  the  CgA  promoter  in  the  absence  or  presence  of  lOOx 
unlabeled  wild-type  (WT)  or  mutant  (MT)  probes.  The  protein-DNA  complexes  were  resolved 
on  a  4%  polyacrylamide  gel,  transferred  and  crosslinked  to  Nylon  membrane.  The  detection 
of  protein-DNA  com  plexes  was  performed  by  incubating  the  membrane  with  Streptavidin- 
HRP  followed  by  E  CL.  The  arrows  indicate  the  positions  of  DNA-protein  complexes 
composed  of  CREB  homodimers  or  ATF2  homodimers.  Note  that  one  slower  mobility  shift 
band  for  both  ATF2  and  CREB  likely  represents  oligomers  bound  to  DNA,  which  are  often 
seen  with  other  bZIP  proteins. 
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Figure  4:  Inhibition  of  CgA-Luc  reporter  gene  activity  by  nATF2  in  LNCaP  cells.  LNCaP  cells  cultured 
in  12-well  plates  were  co-transfected  with  0.5  pg  of  the  reporter  plasmid  pGL4.10-CgA-Luc  and  50  ng  of 
pRL-TK  with  0.5  pg  of  the  vector  co  ntrol  (vector)  or  the  plasmid  encoding  the  con  stitutively  nuclear- 
localized  ATF2  (nATF2)  using  FuGENE  HD.  The  transfected  cells  were  left  untreated  (A)  or  irradiated 
every  day  (2  Gy/day)  (B),  and  harvested  at  the  indicated  time  posttransfection.  Five  pg  of  total  protein  was 
used  for  the  measurement  of  luciferase  activity  using  the  Dual-Luciferasce  Assay  kit  (Promega).  *p<0.05 
when  compared  with  the  respective  vector  control.  **p<0.01  when  compared  with  the  re  spective  vector 
control. 
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Figure  5.  ChIP  analysis  of  pCREB  binding  to  the  CgA  promoter  in  LNCaP  cells.  DNA-protein 
complexes  in  non-irradaited  (IR-)  or  irradiated  for  five  times  (IR+)  LNCaP  cells  were  crosslinked  in  whole 
cells  using  formaldehyde.  Following  nuclei  isolation  and  lysis,  the  chromatin  was  sonicated  to  an  average 
length  of  -600  bp  prior  to  immunoprecipitation  with  the  antibody  against  phospho-CREB  and  mouse  IgG 
(IgG)  or  without  antibody  (Mock).  The  proteins  in  the  immunoprecipitates  were  digested  by  Protease  K  and 
the  DNA  was  directly  extracted  using  Chelex  beads.  The  DNA  eluted  from  the  beads  was  used  for  PCR 
amplification  of  the  CgA  promoter  containing  the  CRE  binding  site.  The  right  two  lanes  show  the  PCR 
product  amplified  with  10%  of  the  total  DNA-protein  complexes  used  for  immunoprecipitation. 
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Figure  6.  PKA  mediates  IR-induced  CREB  ph osphorylation.  LNCaP  cells  cultured  in  10-cm  dishes 
were  irradiated  (2  Gy/day)  for  five  days  in  the  absence  (DMSO)  or  presence  of  the  indicated  protein  kinase 
inhibitors  at  the  com  monly  used  concentrations.  Total  cell  lysate  was  prepared  after  the  treatment  an  d 
subjected  to  immuno  blotting  analysis  of  pCREB.  The  lack  of  effect  of  an  AKT  inhibitor  on  IR-induced 
CREB  phosphorylation  was  performed  in  a  different  experiment  and  was  not  included  here. 
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Figure  7.  CaMKII  interacts  with  pCREB  in  LNCaP  cells.  A.  LNCaP  cells  were  cultured  to  confluence 
and  cytosolic  extract  was  p re  pared.  Approximately  1  mg  ofcytosoli  c  extract  was  used  to 
immunoprecipitate  CREB  with  anti-CREB  antibody  and  the  immunoprecipitate  was  processed  for  mass 
spectrometry  analysis.  Shown  is  the  spectrum  for  one  of  the  peptides  indentified.  The  insert  shows  the 
peptide  sequence.  B.  Cytosolic  extract  (1  mg)  and  equal  portion  of  nuclear  extract  from  non-irradiated  cells 
were  used  to  immunoprecipitate  CaMKII  and  blotted  for  pCREB.  The  input  (10%)  for  both  cytosolic  (C)  and 
nuclear  (N)  fractions  was  loaded  on  the  last  two  lanes.  Histone  3  and  p-tubulin  immunoblotting  shown 
below  were  used  as  evidence  of  a  successful  fractionation.  C.  LNCaP  cells  were  irradiated  with 
fractionated  ionization  radiation  for  40  Gy  (2  Gy/day,  5  days/week)  in  the  presence  of  the  CaMKII  inhibitor 
KN-93  (10  pM)  or  H20  control.  Shown  are  representative  images  acquired  after  the  completion  of  40  Gy 
irradiation  (left  panel).  Th  e  right  p  anel  shows  the  inhibition  of  p  CREB  by  K  N93  assayed  by  We  stern 
blotting  using  the  cell  lysates  from  the  experiments  after  the  completion  of  40  Gy  of  irradiation. 
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Figure  8.  Identification  of  PRMT5  as  a  novel  regulator  of  CREB.  A.  Co-immunoprecipitation  of 
PRMT5  with  CREB.  Total  cell  lysate  (-200  pg)  of  LNCaP  cells  was  immunprepicitated  with  anti- 
CREB  antibody  and  co  -immunoprecipitated  PRMT5  was  detected  by  immunoblotting.  B.  BiFC 
analysis  of  PRMT5-CREB  interaction  in  prostate  cancer  cells.  PC-3  cells  were  co-transfected  with  the 
indicated  plasmids  (0.25  pg  for  each)  using  FuGENE6  and  the  representative  images  were  acquired 
24  h  after  tran  sfection.  The  re  suits  indicate  that  PRMT5  an  d  CREB  p  rimarily  interact  in  th  e 
cytoplasm.  C.  PRMT5  regulates  IR-induced  CREB  activation.  LNCaP  cells  were  first  transfected  with 
plasmids  encoding  a  scrambled  control  (SC)  or  the  plasmid  encoding  PRMT5  shRNAs  (KD#1  or 
KD#2)  for  24  h  and  then  subjected  to  fractionated  IR  of  10  Gy  (2  Gy/day).  Total  cell  lysate  (-40  pg) 
was  used  for  immunoblotting  analysis  of  PRMT5and  phosphorylated  CREB  (pCREB).  p-actin  was 
used  as  a  loading  control. 
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Figure  9.  Ionizing  radiation  induces  PRMT5  expression  in  prostate  cancer  cells 
in  vitro  and  in  vivo.  A.  The  indicated  prostate  cancer  cells  were  irradiated  with 
the  indicated  fractionated  dose  (2  Gy/day,  5  days/week),  and  h  arvested  for 
Western  blotting  analysis  of  P  RMT5.  B.  Immunohistochemical  analysis  of 
PRMT5  expression  in  LNCaP  xenograft  tumors  in  nude  mice  without  (IR-)or 
with  40  Gy  of  fractionated  IR  (IR+). 
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Figure  10  Higher  expression  of  PRMT5  in  recurrent  radiation-resistant  LNCaP  sublines  and  in 
recurrent  human  prostate  cancer  tissues.  A.  Expression  of  PRMT5  in  parental  LNCaP  (WT)  and 
its  derived  sublines  regrown  from  survived  cells  after  40  Gy  of  fraction  ated  ionizing  radiation.  B. 
Expression  of  PRMT5  in  recurrent  prostate  cancer  tissues  after  radiotherapy  failure. 
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Figure  11.  Knockdown  or  inhibition  of  PRM  T5  increases  IR-induced  cell  death.  A.  LNCaP 
cells  were  first  transfected  with  the  scrambled  control  (SC)  or  PRMT5  shRNA  constructs  for 
one  day,  a  nd  then  subjected  to  10  Gy  of  fractionated  I  R  (2  Gy/day).  Shown  are  the 
representative  images  acquired  aft  er  lOGyo  f  IR.  B.  LNCaP  or  its  derived  radiation- 
resistant  subline  IRR2  were  treated  similarly  fractionated  with  10  Gy  of  IR  in  the  presence  of 
DMSO  ora  PRMT5  specific  inhibitor  BLL3.3(10  ptM).  Similar  results  were  obtained  with 
IRR1  and  IRR3  radiation-resistant  sublines. 


Table  1.  ATF2  Interacting  Proteins  Identified  by  Mass  Spectrometry 
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Coverage 
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35  kDa  protein 
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11.91 

8.86 
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cDNA  FLJ  50996,  highly  similar  to  60S  ribosomal  protein  L4 
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1  PI  00288941.1 

Nuclear  receptor  coactivator  5 

11.42 
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21  kDa  protein 

11.28 

29.61 

1  PI  00384575.1 
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1  PI  00655812.1 
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X-ray  repair  complementing  defective  repair  in  Chinese  hamster  a 

9.68 
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Isoform  1  of  Poly(A)  RNA  polymerase,  mitochondrial 
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Histone  H2A  type  2-B 
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Importin  subunit  alpha-4 
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52  kDa  Ro  protein 

7.10 

6.74 

IPI  00786995.1 

similar  to  protein  kinase,  DNA-activated,  catalytic  polypeptide 
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40S  ribosomal  protein  S2 
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IPI  00013296.3 

40S  ribosomal  protein  S18 

6.59 

13.82 

IPI  00909143.1 
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5.25 

4.12 

IPI  00402184.4 
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4.99 

3.98 

IPI  00916763.1 

Putative  uncharacterized  protein  HSPE1 

4.97 

13.86 

IPI  00879086.1 

Putative  uncharacterized  protein  KLHL22 

4.54 

7.11 

IPI  00477179.1 

Isoform  2  of  Nucleolar  RNA  helicase  2 

4.44 

3.08 

IPI  00816063.1 

Isoform  2  of  60S  ribosomal  protein  L12 

4.38 

12.12 

IPI  00916896.1 

Putative  uncharacterized  protein  RBM14 

4.35 

12.40 

IPI  00916188.1 

Putative  uncharacterized  protein  NCL 

4.29 

7.41 

IPI  00028931. 2 

Desmoglein-2 

4.25 

1.61 

IPI  00797941. 2 

cDNA  FLJ  57770,  moderately  similar  to  ADP-ribosylation  factor  3 

4.23 

12.50 

IPI  00645459.1 

Isoform  3  of  ATPase  WRNIP1 

4.23 

2.70 

IPI  00642454.1 

Ribosomal  protein  L7a 

4.20 

8.61 

IPI  00008527.3 

60S  acidic  ribosomal  protein  PI 

4.19 

14.04 

IPI  00003935.6 

Histone  H2B  type  2-E 

4.12 

11.90 

IPI  00008433.4 

40S  ribosomal  protein  S5 

4.00 

7.35 

IPI  00940164.1 

Putative  uncharacterized  protein  ENSP00000412264  (Fragment) 

3.99 

9.63 

IPI  00173589. 2 

17  kDa  protein 

3.87 

9.68 

IPI  00096899.7 

DNA  replication  factor  Cdtl 

3.77 

3.11 

IPI  00930144.1 

Histone  H2A 

3.76 

17.12 

IPI  00745302.1 

Isoform  2  of  Serine/threonine-protein  kinase  Nekll 

3.74 

5.32 

Table  1.  ATF2  Interacting  Proteins  Identified  by  Mass  Spectrometry 


1  PI  00029629.3 

E3  ubiquitin/l  SG15  ligase  TRI M25 

3.62 

2.86 

1  PI  00791342.1 

13  kDa  protein 

3.59 

10.71 

1  PI  00549561.3 

Isoform  2  of  BTB/POZ  domain-containing  protein  KCTD15 

3.58 

7.69 

1  PI  00382804.1 

EEF1A  protein  (Fragment) 

3.56 

4.85 

1  PI  00894365.2 

cDNA  FLJ  52842,  highly  similar  to  Actin,  cytoplasmic  1 

3.49 

6.55 

1  PI  00479058.2 

40S  ribosomal  protein  S15 

3.48 

13.10 

1  PI  00935432.1 

similar  to  ubiquitin  protein  ligase  E3  component  n-recognin  5  isofc 

3.47 

0.97 

IPI  00794267.1 

18  kDa  protein 

3.46 

7.19 

IPI  00555902.1 

Isoform  1  of  OCIA  domain-containing  protein  2 

3.46 

8.44 

IPI  00329389.8 

60S  ribosomal  protein  L6 

3.44 

6.94 

IPI  00744535.2 

ATF7  protein 

3.44 

17.95 

IPI  00793271.1 

12  kDa  protein 

3.43 

11.93 

IPI  00003362.2 

HSPA5  protein 

3.43 

2.29 

IPI  00187140.1 

Putative  40S  ribosomal  protein  S26-like  1 

3.37 

10.43 

IPI  00747764.3 

cDNA  FLJ  53229,  highly  similar  to  1  mportin  alpha-7  subunit 

3.35 

3.88 

IPI  00658013.1 

nucleophosmin  1  isoform  3 

3.32 

8.11 

IPI  00718829. 2 

Isoform  2  of  Protein-L-isoaspartate  O-methyltransferase  domain-c 

3.30 

7.66 

IPI  00217465. 5 

Histone  HI. 2 

3.30 

6.10 

IPI  00028954.1 

80  kDa  MCM3-associated  protein 

3.29 

1.46 

IPI  00019359.4 

Keratin,  type  1  cytoskeletal  9 

3.29 

2.25 

IPI  00922330.1 

Putative  uncharacterized  protein 

3.29 

15.66 

IPI  00829737.1 

Isoform  2  of  Zinc  finger  protein  658 

3.29 

3.40 

IPI  00885004.1 

Isoform  2  of  Xin  actin-binding  repeat-containing  protein  2 

3.28 

0.66 

IPI  00464990.1 

Isoform  2  of  Platelet  glycoprotein  lb  beta  chain 

3.28 

5.11 

IPI  00008965.1 

Transcription  factor  AP-1 

3.26 

4.23 

IPI  00909383.1 

cDNA  FLJ  56021,  highly  similar  to  Bifunctional  aminoacyl-tRNA  synl 

3.22 

2.53 

IPI  00941764.1 

Ribophorin  II 

3.22 

7.19 

IPI  00026781. 3 

Fatty  acid  synthase 

3.21 

1.04 

IPI  00939811.1 

Ribosomal  protein  S3 

3.18 

8.60 

IPI  00916308.1 

Putative  uncharacterized  protein  FAM128A 

3.14 

17.11 

IPI  00453473.6 

Histone  H4 

3.09 

9.71 

Mechanisms  &  Models  of  Cancer 
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THE  INTERPLAY  OF  CREB  AND  ATF2  IN  REGULATING  IONIZING 
RADIATION-INDUCED  NEUROENDOCRINE  DIFFERENTIATION 
IN  PROSTATE  CANCER  CELLS 

Xuehong  Deng1,  Han  Liu1,  Jiaoti  Huang2,  Liang  Cheng3,  Evan  T.  Keller4, 
Sarah  J.  Parsons5,  and  Chang-Deng  Hu1 

'Department  of  Medicinal  Chemistry  &  Molecular  Pharmacology,  Purdue 
University;  department  of  Pathology,  University  of  Rochester  Medical 
Center;  department  of  Pathology  and  Laboratory  Medicine,  Indiana 
University  School  of  Medicine;  department  of  Urology,  University  of 
Michigan;  department  of  Microbiology,  University  of  Virginia  Health 
System. 

Radiation  therapy  is  a  first  line  treatment  for  prostate  cancer  patients  with 
localized  tumors.  Although  most  patients  respond  well  to  the  treatment, 
approximately  10-60%  of  prostate  cancer  patients  experience  recurrent 
tumors.  However,  the  molecular  mechanisms  underlying  tumor  recurrence 
remain  largely  unknown.  Here  we  show  that  ionizing  radiation  (IR) 
induces  transdifferentiation  of  LNCaP  prostate  cancer  cells  into 
neuroendocrine  (NE)-like  cells,  which  are  known  to  be  implicated  in 
prostate  cancer  progression,  androgen  independent  growth  and  poor 
prognosis.  Further  analyses  reveal  that  two  CRE-binding  transcription 
factors  CREB  and  ATF2  play  opposing  roles  in  NE-like 
transdifferentiation,  and  that  IR  induces  NE-like  transdifferentiation  by 
increasing  nuclear  content  of  phospho-CREB  and  impairing  nuclear 
import  of  ATF2,  a  favorable  ratio  of  pCREB  over  ATF2  in  the  nucleus  for 
neuroendocrine  differentiation.  The  IR-induced  NE-like  cells  are 
reversible,  and  three  IR-resistant  clones  isolated  from  dedifferentiated 
cells  have  acquired  the  ability  to  proliferate,  but  respond  poorly  to  IR-  and 
androgen  depletion  treatment  in  terms  of  NE-like  redifferentiation. 
Significantly,  these  clones  are  cross-resistant  to  IR,  chemotherapy,  and 
androgen  depletion  treatments.  These  results  suggest  that  radiotherapy- 
induced  NE-like  transdifferentiation  represents  a  novel  pathway  by  which 
prostate  cancer  cells  survive  the  treatment  and  contribute  to  tumor 
recurrence. 
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BIOLOGICAL  EFFECTS  OF  FETAL  EXPOSURE  TO  BISPHENOL 
A  ON  UROGENITAL  SINUS 

Kenichiro  Ishii*,  Shigeki  Arase,  Yuko  Yoshio,  Tsu,  Japan;  Katsuhide 
Igarashi,  Kenichi  Aisaki,  Tokyo,  Japan;  Yasuhide  Hori,  Kohei 
Nishikawa,  Norihito  Soga,  Hideaki  Kise,  Kiminobu  Arima,  Tsu,  Japan; 
Jun  Kanno,  Tokyo,  Japan;  Yoshiki  Sugimura,  Tsu,  Japan 

INTRODUCTION  AND  OBJECTIVES:  In  prostate,  both  andro¬ 
gens  and  estrogens  play  a  significant  role  in  development  and  differ¬ 
entiation.  Since  the  balance  of  these  hormones  is  quite  important,  even 
small  changes  in  the  levels  of  estrogens  including  estrogen-mimicking 
chemicals  can  lead  to  serious  changes.  Bisphenol  A  (BPA),  one  of 
endocrine  disrupting  chemicals  (EDCs),  is  well  known  as  a  widespread 
estrogenic  chemical.  The  problem  is  that  BPA  has  been  detected  in 
fetal  plasma,  implicating  in  development  of  toxicity  in  the  fetus.  In  this 
study,  to  investigate  the  effects  of  fetal  exposure  to  BPA  on  prostatic 
development,  we  first  evaluated  the  morphological  changes  of  BPA- 
treated  mouse  urogenital  sinus  (UGS).  Next,  we  examined  the  changes 
of  in  situ  hormonal  environment  in  BPA-treated  UGS. 

METHODS:  From  GDI 3  to  GDI 6,  pregnant  female  C57BL/6 
mice  were  treated  with  BPA  (20  ug/kg/day)  or  synthetic  estrogen 
diethylstilbestrol  (DES,  0.2  ug/kg/day)  by  oral  gavage.  On  El  7-PI  and 
P5,  male  UGS  were  assembled.  The  E2  level  and  aromatase  activity  in 
UGS  were  determined  by  liquid  chromatography-tandem  mass  spec¬ 
trometry  and  the  tritiated  water  release  assay,  respectively. 

RESULTS:  In  both  BPA-  and  DES-treated  UGS,  the  number  of 
basal  epithelial  cells  in  the  primary  ducts  of  dorsolateral  prostate  was 
approximately  twice  as  compared  with  control.  The  mRNAs  of  EGF, 
TGF-alpha,  and  FGF-7  but  not  IGF-I  were  up-regulated.  In  organ 
culture  analysis,  the  number  of  basal  epithelial  cells  was  significantly 
increased  in  EGF-  or  TGF-alpha-treated  fetal  mouse  UGS.  In  analyses 
of  in  situ  hormonal  environment,  the  E2  level  and  aromatase  activity 
were  significantly  increased  only  in  BPA-treated  UGS.  The  mRNA 
up-regulations  of  Cyp19a1  (aromatase),  Cypllal,  and  Ad4BP/SF-1 
were  observed.  The  number  of  aromatase-positive  stromal  cells  in 
BPA-treated  UGS  was  approximately  twice  as  compared  with  control. 

CONCLUSIONS:  Alteration  of  in  situ  hormonal  environment  in 
UGS  may  be  responsible  for  prostatic  anomalies  associated  with  fetal 
exposure  to  EDCs.  We  demonstrated  that  BPA  had  unique  action  in 
addition  to  the  common  action  to  estrogen  receptor.  The  common 
action  was  the  increased  number  of  basal  epithelial  cells  similar  to  DES 
treatment,  by  a  suggest  mechanism  via  cellular  EGFR  signals.  On  the 
other  hand,  the  unique  action  was  the  increases  of  in  situ  E2  level  and 
aromatase  activity  observed  only  in  BPA  treatment.  Our  data  sug¬ 
gested  that  BPA  might  interact  with  in  situ  steroidogeneis  by  altering 
tissue  component,  e.g.,  accumulation  of  aromtase-expressed  stromal 
cells,  in  particular  organs. 

Source  of  Funding:  Grants-in  Aid  from  the  Ministry  of  Health, 

Labour  and  Welfare,  Japan 
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ANDROGEN  DEPRIVATION  UP  REGULATES  EXPRESSION  OF 
STEM  CELL  AND  NEUROENDOCRINE  MARKERS  IN  PROSTATE 
CANCER  CELLS  IN  VITRO  AND  IN  VIVO 

Markus  Germann,  Marco  G.  Cecchini,  Antoinette  Wetterwald,  Urs  E. 
Studer,  George  N.  Thalmann*,  Bern,  Switzerland 

INTRODUCTION  AND  OBJECTIVES:  To  evaluate  changes  in 
expression  of  genes  related  to  tumor  progression  and  the  cancer  stem 
cell  concept  in  response  to  androgen  deprivation  (AD)  in  different  in 
vitro  and  in  vivo  models  of  castration  resistant  prostate  cancer. 


METHODS:  LNCaP,  LNCaP-Bic,  C4-2  and  C4-2B4  cell  lines 
were  used  for  in  vitro  experiments.  Gene  specific  mRNA  expression 
was  measured  by  RT-PCR  and  compared  to  the  parental  LNCaP  cells. 
Tumors  of  the  androgen  dependent  CaP  xenograft  model  BM18  show 
an  almost  complete  regression  after  castration  of  tumor  bearing  mice. 
Tumor  growth  can  be  reinitiated  even  months  after  castration  by 
re-administration  of  testosterone.  After  tumor  regression  only  very 
small  clusters  of  residual  epithelial  cells  can  be  observed.  To  investi¬ 
gate  the  nature  of  these  cells,  BM18  tumors  were  harvested  before 
castration  (intact),  14  days  after  castration  (regressed)  or  3  days  after 
testosterone  readministration  to  regressed  tumors  and  tested  gene 
specific  mRNA  expression. 

RESULTS:  Overall  AD  induced  expression  of  proliferation  and 
anti-apoptotic  genes  as  well  as  the  putative  stem/progenitor  cell  mark¬ 
ers  a2-integrin,  Oct4,  Nanog,  Nestin  and  Seal  in  all  LNCaP  derived  cell 
lines  in  vitro.  In  vivo,  compared  to  intact  BM18  tumors,  regressed 
tumors  show  a  significant  higher  expression  of  Bcl2  together  with  a 
10-20  fold  higher  expression  of  the  self-renewal  markers  Oct4,  Sox2 
and  Nanog.  Regressed  tumors  express  low  PSA  mRNA  levels  but 
maintain  high  expression  of  markers  of  luminal  cell  differentiation  (AR, 
CK18  and  PSP94).  Furthermore,  regressed  tumors  show  a  40-1000 
fold  increased  expression  of  markers  of  neuroendocrine  differentiation 
(Chromogranin  A,  Synaptophysin,  Enolase  2  and  Nestin).  Interestingly, 
3  days  after  testosterone  readministration,  relapsed  tumors  show  at 
least  partial  reversal  of  these  alterations  in  gene  expression.  These 
results  were  confirmed  in  the  cell  lines  in  vitro. 

CONCLUSIONS:  AD  up  regulates  stem/progenitor  and  neu¬ 
roendocrine  cell  markers,  as  well  as  markers  of  proliferative  potential, 
self-renewal  and  inhibition  of  apoptosis  in  LNCaP  cells  in  vitro  and  in 
BM18  tumors  in  vivo  suggesting  the  outgrowth  of  a  more  malignant 
phenotype  with  stem  cell  properties  by  AD  leading  to  castration  resis¬ 
tance. 

Source  of  Funding:  None 
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RADIATION  INDUCES  NEUROENDOCRINE  DIFFERENTIATION 
OF  PROSTATE  CANCER  CELL  LINES  IN  VITRO  AND  IN  VIVO 

Chang-Deng  Hu*,  Bennett  Elzey,  Jean  Poulson,  Wallace  Morrison, 
Xuehong  Deng,  Sandra  Torregrosa- Allen,  Timothy  Ratliff,  West 
Lafayette,  IN 

INTRODUCTION  AND  OBJECTIVES:  Although  localized  pros¬ 
tate  cancer  (PCa)  can  be  cured  by  radiotherapy,  approximately  30-60% 
of  patients  with  high  grade  tumors  will  experience  recurrence.  How¬ 
ever,  the  molecular  mechanisms  underlying  tumor  recurrence  remain 
largely  unknown.  Accumulated  evidence  suggests  that  an  increased 
number  of  neuroendocrine  (NE)  cells  in  PCa  correlates  with  disease 
progression  and  poor  prognosis.  The  objective  of  this  study  was  to  test 
if  radiation  induces  neuroendocrine  differentiation  (NED)  in  vitro  and  in 
vivo. 

METHODS:  Prostate  cancer  cell  lines  were  subjected  to  ioniz¬ 
ing  radiation  (IR)  according  to  clinical  radiotherapy  protocol  (Co-60 
photons,  2  Gy/day,  5  days/week  for  7  weeks;  total  dose  70  Gy)  and 
NED  was  determined  based  on  morphological  changes  and  the  induc¬ 
tion  of  NE  markers  chromogranin  A  (CgA)  and  neuron-specific  enolase 
(NSE).  To  determine  the  effect  of  radiation  on  NED  of  prostate  cancer 
cells  in  vivo,  LNCaP  cells  were  implanted  subcutaneously  in  the  hind 
legs  of  nude  mice.  Upon  reaching  100-200  mm3,  LNCaP  tumor-xe¬ 
nografts  were  irradiated  (6-MV  X-rays,  5  Gy,  twice  weekly  for  4  weeks; 
total  dose  40  Gy).  NED  was  determined  based  on  the  increase  of 
serum  CgA  levels  and  increased  expression  of  CgA  in  irradiated  tumor 
tissues. 

RESULTS:  We  previously  reported  that  IR  can  induce  NED  in 
LNCaP  cells.  In  the  present  study,  we  extended  our  finding  to  several 
other  cell  lines  and  confirmed  that  IR  does  induce  neurite  extension  and 
the  expression  of  CgA  and  NSE  in  DU-145,  PC-3  and  VCaP  cell  lines 
in  vitro.  We  also  found  that  radiation  increased  serum  CgA  levels  in  4 
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out  of  5  mice  bearing  LNCaP  xenografts.  Immunofluorescence  analysis 
confirmed  that  irradiated  tumors  had  higher  expression  of  CgA  when 
compared  to  non-irradiated  tumors. 

CONCLUSIONS:  Radiation  can  induce  NED  in  several  prostate 
cancer  cell  lines  and  in  LNCaP  xenograft  nude  mouse  models.  These 
findings  suggest  that  radiotherapy  may  induce  NED  in  PCa  patients 
and  warrant  a  clinical  evaluation  of  radiotherapy-induced  NED  in  PCa 
patients. 

Source  of  Funding:  This  worked  was  supported  by  Purdue 
University  Center  for  Cancer  Research  Small  Grants  Program 
and  the  U.S.  Army  Medical  Research  Acquisition  Activity, 
Prostate  Cancer  Research  Program  grant  (PC073098). 
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HEDGEHOG/GLI  SUPPORTS  ANDROGEN  SIGNALING  IN 
ANDROGEN  DEPRIVED  AND  ANDROGEN  INDEPENDENT 
PROSTATE  CANCER  CELLS 

Mengqian  Chen,  Elina  Levina,  Matthew  Tanner,  Albany,  NY; 
Alexandre  de  la  Taille,  Francis  Vacherot,  Stephane  Terry,  Creteil, 
France;  Ralph  Buttyan*,  Albany,  NY 

INTRODUCTION  AND  OBJECTIVES:  Hedgehog  (Hh)  is  a  de¬ 
velopmental  cell  signaling  pathway  that  regulates  Gli-mediated  tran¬ 
scription.  Previously  we  showed  that  androgen  deprivation  induces 
expression  of  Hh  ligands  and  awakens  autocrine  Hh  signaling  in 
prostate  cancer  cells.  Here  we  evaluated  the  effect  of  inhibitors  of 
autocrine  Hh  or  of  hyperactive  Gli  on  androgen  signaling  activity  and 
cell  growth  in  androgen  deprived  (AD)  and  androgen  independent  (Al) 
prostate  cancer  cells. 

METHODS:  LNCaP  and  Al  variants  (LNCaP-AI,  C4-2B  or  LN3) 
or  VCaP  cells  were  cultured  in  androgen-free  medium  in  the  presence 
or  absence  of  the  Hh  inhibitor,  cyclopamine.  Smoothened  (Smo)  siRNA 
was  transfected  into  cells  to  mimic  cyclopamine  action.  GUI  and  Gli2 
expression  vectors  were  transfected  into  LNCaP  cells  to  mimic  hyper¬ 
activity  of  Hh.  Expression  of  androgen  regulated  genes  were  evaluated 
by  real-time  reverse-transcriptase  PCR  (qPCR).  Luciferase  (luc)  re¬ 
porter  vectors  promoted  by  the  androgen-responsive  probasin  (PRB)  or 
PGC  gene  promoters  were  transfected  into  cells  to  serve  as  a  surro¬ 
gate  marker  of  AR  activity.  Cell  growth  was  measured  by  cell  counting 
and  by  a  WST-assay.  Human  293-FT  cells  were  co-transfected  with  AR 
and  myc-tagged  Gli2  to  identify  interaction  between  AR  and  Gli2  by 
co-immunoprecipitation  with  anti-AR  or  anti-myc  antibodies. 

RESULTS:  Cyclopamine  treatment  dose-dependently  down- 
regulated  expression  of  KLK2,  KLK3  and  PGC  and  upregulated  andro¬ 
gen-repressed  SHH  expression  in  all  cell  lines.  Cyclopamine  also 
downregulated  expression  of  luc  from  PRB  or  PGC  promoters.  These 
responses  were  mimicked  by  Smo  but  not  by  control  siRNAs.  GUI  and 
Gli2  overexpression  in  LNCaP  cells  upregulated  KLK2,  KLK3  and  PGC 
expression  in  a  bicalutamide-independent  manner.  GUI  and  Gli2  over¬ 
expression  also  confered  Al  growth  on  LNCaP  cells.  Gli2  co-immuno- 
precipitates  with  AR  from  293-FT  cell  extracts. 

CONCLUSIONS:  Inhibition  of  autocrine  Hh  suppressed  resid¬ 
ual  androgen  signaling  in  AD  and  Al  prostate  cancer  cells  and  blocked 
Al  growth.  Overexpression  of  Gli  increased  residual  androgen  signaling 
and  conferred  Al  growth.  We  conclude  that  autocrine  Hh  signaling 
supports  androgen  action  under  low/no  androgen  conditions.  Gli2 
protein  interacts  with  AR  and  this  interaction  might  represent  the  point 
of  cross-talk  between  Hh  and  androgen  signaling  in  prostate  cancer. 

Source  of  Funding:  NCI  R01-CA1 1 1618;  DOD  W81XWH-06 
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WHAT  CAN  THE  HAIR  FOLLICLES  AND  SALIVARY  GLANDS 
TELL  US  ABOUT  THE  OXIDATIVE  STRESS  STATUS  OF  THE 
PROSTATE?  A  PRECLINICAL  STEP  TOWARDS 
INDIVIDUALIZATION  OF  PROSTATE  CANCER  PREVENTION 
STRATEGIES 

Kaitlyn  Whelan*,  Jian  Ping  Lu,  Edduard  Fridman,  Jehonathan 
Pinthus,  Hamilton,  Canada 

INTRODUCTION  AND  OBJECTIVES:  Oxidative  stress  (OS)  is 
a  key  event  in  the  development  of  prostate  cancer  (PC).  Prostatic  OS 
is  influenced  by  androgenic  stimulation  and  by  the  expression/activity 
of  anti-oxidative  and  stress  molecules  in  a  setting  that  is  unique  for 
each  individual.  Negative  results  from  the  recent  SELECT  study  may 
relate  in  part  to  generalization  of  the  prevention  protocol.  Surrogate 
markers  that  can  predict  the  individual’s  oxidative  status  can  comple¬ 
ment  a  more  rationalized  selection  of  candidates  for  PC  prevention.  We 
opted  to  determine  if  the  individual’s  prostatic  OS  status  can  be 
determined  by  examining  OS  in  surrogate  androgen  regulated  tissues 
from  the  same  host. 

METHODS:  Adult  male  rats  were  divided  equally  into  three 
groups:  (A-)  underwent  bilateral  orchiectomy  (lack  of  endogenous/ 
exogenous  androgens),  (A+)  received  continues  testosterone  supple¬ 
mentation  (endogenous  +  exogenous  androgens)  and  (C)  left  intact 
(eugonadal).  Serum  testosterone  levels  were  determined  after  72hrs 
and  the  prostate,  salivary  glands  and  dermal  papillary  cells  (DPC)  of 
the  hair  follicles  from  each  animal  were  harvested  and  examined  for  the 
expression  of  8-OHdG  (OS  marker),  and  the  OS  adaptation  molecules; 
catalase  and  clustrin  by  immunostaining  and  immunoblotting.  Staining 
intensity  was  graded  blindly  by  two  pathologists.  Statistical  analysis 
was  completed  using  two-tail  t-test.  Normally  distributed  data  were 
analyzed  using  ANOVA  model.  When  needed,  Box-Cox  transformation 
was  used  to  reach  normality. 

RESULTS:  OS  intensity  and  the  expression  of  catalase  and 
clusterin  directly  correlated  with  testosterone  levels  in  all  three  target 
tissues;  prostate  (p=0.001),  salivary  glands  (p=0.007)  and  DPC 
(p=0.005).  Although  different  levels  of  prostatic  OS  were  noted  in- 
between  rats  with  similar  serum  testosterone  levels,  there  were  no 
inter-individual  differences  between  the  OS  status  of  the  prostate, 
salivary  glands  and  DPC  (p>0.01). 

CONCLUSIONS:  The  intensity  of  prostatic  OS  and  the  expres¬ 
sion  of  OS  adaptation  molecules  are  individually  influenced  by  andro¬ 
gens  in  a  mode  mirrored  by  other  androgen  regulated  tissues.  One 
needs  to  examine  the  OS  at  the  tissue  level  as  serum  levels  of 
testosterone  alone  can  not  predict  the  OS  status  within  these  androgen 
regulated  tissues.  Clinical  studies  are  needed  to  validate  these  findings 
in  humans  and  their  potential  prognostic  implication  in  the  individual¬ 
ization  of  PC  prevention  and  therapeutics. 

Source  of  Funding:  SELF 
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STROMA  REACTION  IN  MOUSE  XENOGRAFT  MODELS  OF 
PROSTATE  CANCER  BONE  METASTASIS 

Berna  Ozdemir*,  Chiara  Secondini,  Ruth  Schwaninger,  Antoinette 
Wetterwald,  Bern,  Switzerland;  Mauro  Delorenzi,  Lausanne, 
Switzerland;  Marco  G.  Cecchini,  George  N.  Thalmann,  Bern, 
Switzerland 

INTRODUCTION  AND  OBJECTIVES:  We  present  an  experi¬ 
mental  method  of  global  gene  expression  analysis  of  stromal-epithelial 
interaction  in  cancer  in  bulk  tissue  specimens  able  to  dissect  the  cancer 
cell-specific  from  the  stromal  cell-specific  transcriptome  induced  by  the 
stromal-epithelial  interaction  based  on  species-specific  (mouse  and 
human,  respectively)  cDNA  gene  arrays. 

METHODS:  The  human  osteoinductive  prostate  cancer  (PC) 
cell  line  C4-2B4  was  xenografted  into  the  tibia  of  SCID  mice.  RNA  was 
extracted  from  the  radiologically  confirmed  tumour  bearing  bone  shaft. 
Intact  bone  served  as  “mouse-only”  control,  and  from  cultured  C4-2B4 
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Radiation  induces  neuroendocrine  differentiation  of  prostate  cancer  cells  in  vitro  and  in 
vivo:  Implications  for  prostate  cancer  radiotherapy 

Chang-Deng  Hu,  Xuehong  Deng,  Christopher  Suarez,  Bennett  D.  Elzey,  Jean  M.  Poulson, 
Wallace  B.  Morrison,  Sandra  Torregrosa- Allen,  Jiaoti  Huang,  Liang  Cheng,  Evan  T.  Keller, 
Sarah  J.  Parsons,  Timothy  L.  Ratliff 

Background  and  Objectives:  Although  localized  prostate  cancer  (PCa)  can  be  cured  by 
radiotherapy,  approximately  30-60%  of  patients  with  high  grade  tumors  experience  biochemical 
recurrence  within  five  years.  However,  the  molecular  mechanisms  underlying  tumor  recurrence 
remain  largely  unknown.  Accumulated  evidence  suggests  that  an  increased  number  of 
neuroendocrine  (NE)-like  cells  in  PCa  correlates  with  disease  progression  and  poor  prognosis. 
The  objective  of  this  award  is  to  determine  the  role  of  two  transcription  factors  ATF2  and  CREB 
in  radiation-induced  neuroendocrine  differentiation  (NED)  and  to  identify  signaling  pathways  for 
development  of  targeted  therapy. 

Methods:  Prostate  cancer  cell  lines  were  subjected  to  ionizing  radiation  (IR)  according  to 
clinical  radiotherapy  protocol  (Co-60  photons,  2  Gy/day,  5  days/week  for  7  weeks;  total  dose  70 
Gy)  and  NED  was  determined  based  on  morphological  changes  and  the  induction  of  NE  markers 
chromogranin  A  (CgA)  and  neuron-specific  enolase  (NSE).  To  determine  the  effect  of  radiation 
on  NED  of  prostate  cancer  cells  in  vivo,  LNCaP  cells  were  implanted  subcutaneously  in  the  hind 
legs  of  nude  mice.  Upon  reaching  100-200  mm  ,  LNCaP  tumor-xenografts  were  irradiated  (6- 
MV  X-rays,  5  Gy,  twice  weekly  for  4  weeks;  total  dose  40  Gy).  NED  was  determined  based  on 
the  increase  of  serum  CgA  levels  and  increased  expression  of  CgA  in  irradiated  tumor  tissues.  To 
study  the  role  of  ATF2  and  CREB  in  radiation-induced  NED,  the  expression  and  activation  of 
these  transcription  factors  were  analyzed  using  cell  lysates  from  irradiated  cells  or  using  tissues 
from  irradiated  xenograft  tumors.  Furthermore,  constitutive  active  or  dominant  negative  mutants 
of  ATF2  and  CREB  were  stably  expressed  in  prostate  cancer  cells  and  their  impact  on  radiation- 
induced  NED  was  assessed. 

Results  to  date:  Under  the  support  of  the  PCRP  Idea  Development  Award,  we  have 
accomplished  the  followings.  (1)  Radiation  induces  NED  in  several  prostate  cancer  cell  lines 
including  LNCaP,  DU-145,  PC-3  and  VCaP  to  various  degrees.  (2)  Radiation  induces  NED  in 
LNCaP  xenografts  in  nude  mice  and  elevates  serum  CgA  levels.  (3)  ATF2  acts  as  a 
transcriptional  repressor  of  NED  whereas  CREB  functions  as  a  transcriptional  activator  of  NED. 
(4)  Radiation  induces  cytoplasmic  sequestration  of  ATF2  and  increases  phosphorylation  of 
CREB  at  SI  33  in  the  nucleus.  (5)  Expression  of  a  constitutively  nuclear- localized  ATF2  can 
inhibit  radiation-induced  NED.  (6)  Expression  of  several  dominant  negative  CREB  or  CREB 
knockdown  can  inhibit  radiation-induced  NED.  (7)  Preliminary  screen  of  upstream  protein 


kinases  has  identified  PKA  and  CaMKII  as  potential  protein  kinases  that  may  mediate  radiation- 
induced  CREB  activation  and  NED. 


Conclusions:  We  have  demonstrated  that  radiation-induced  NED  is  a  general  response  in 
prostate  cancer  cells  in  vitro  and  in  vivo.  Furthermore,  we  have  identified  CREB,  ATF2,  PKA 
and  CaMKII  as  signaling  molecules  that  regulate  radiation-induced  NED. 

Impact:  Preliminary  studies  of  radiation-induced  NED  using  in  vitro  and  in  vivo  models  have 
demonstrated  that  radiation  can  induce  NED  in  prostate  cancer  cells.  The  identified  signaling 
molecules  and  possible  signaling  pathways  that  mediate  radiation-induced  NED  are  promising 
molecular  targets  for  development  of  novel  NED-based  targeted  therapy.  Current  effort  is 
focused  on  the  clinical  evaluation  of  our  findings. 
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TARGETING  RADIATION-INDUCED  NEUROENDOCRINE  DIFFERENTIATION  AS  A 
NOVEL  RADIOSENSITIZATION  APPROACH  FOR  PROSTATE  CANCER 
RADIOTHERAPY 

Chanq-Denq  Hu  PhD1.  Xuehong  Deng  BS1,  Christopher  Suarez  BS1,  Bennett  Elzey 
PhD1,  Jean  Poulson  DVM,  PhD1,  Wallace  Morrison  DVM,  MS1,  Song-Chu  Ko  MD,  PhD2, 
Noah  Hahn  MD2  and  Timothy  Ratliff  PhD1 

1  Purdue  University,  West  Lafayette,  Indiana;  Indiana  University  School  of  Medicine, 
Indianapolis,  Indiana 

Introduction:  Although  the  majority  of  localized  low-risk  prostate  cancer  (PCa)  can  be 
cured  by  radiotherapy,  approximately  30-60%  of  patients  with  high-risk  PCa  experience 
biochemical  recurrence  within  five  years.  Our  recent  evidence  suggests  that  upon 
4-week  irradiation,  fractionated  ionizing  radiation  (IR)  can  induce  neuroendocrine 
differentiation  (NED)  in  prostate  cancer  cells,  a  phenotypic  change  implicated  in  prostate 
cancer  progression.  Interestingly,  IR-induced  NED  involves  two  distinct  phases:  the 
selection  of  radioresistant  cells  during  the  first  two  weeks  and  the  differentiation  during 
the  last  two  weeks.  Molecular  analysis  demonstrated  that  the  transcription  factor  cAMP 
response  element-binding  (CREB)  is  involved  in  both  phases.  The  objective  of  our 
research  is  to  determine  whether  targeting  radiation-induced  NED  can  be  explored  as  a 
novel  radiosensitization  approach. 

Methods:  Since  CREB  is  involved  in  both  phases  during  the  course  of  NED,  we 
employed  two  CREB  targeting  approaches  to  test  our  hypothesis.  First,  we  established 
stable  cell  lines  that  can  inducibly  express  A-CREB,  a  dominant  negative  mutant  of 
CREB,  to  compete  with  endogenous  CREB  for  function.  Second,  we  established  stable 
cell  lines  that  can  inducibly  express  CREB  short-hairpin  RNAs  to  knockdown  CREB. 
Expression  of  A-CREB  or  CREB  knockdown  was  induced  at  different  times  while 
subjecting  LNCaP  cells  to  fractionated  IR  (2  Gy/day,  5  days/week).  MTT  assays,  flow 
cytometery  and  morphological  analysis  were  employed  to  assess  the  impact  of  CREB 
targeting  on  cell  viability  and  IR-induced  NED. 

Results:  We  observed  that  expression  of  A-CREB  significantly  sensitized  LNCaP  cells  to 
IR  during  the  first  two  weeks.  We  also  observed  that  CREB  knockdown  during  the 
second  phase  only  was  sufficient  to  inhibit  IR-induced  neurite  outgrowth  and  sensitize 
cells  to  radiation. 

Conclusions:  Based  on  recent  findings  that  IR  can  induce  NED  in  multiple  prostate 
cancer  cell  lines  in  vitro,  in  LNCaP  xenograft  tumors,  and  in  a  subset  of  human  prostate 
cancer  patients,  we  conclude  that  targeting  IR-induced  NED  can  be  utilized  as  a  novel 
radiosensitization  approach. 

Funding  provided  by  Department  of  Defense  PCRP  Idea  Development  Award. 
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Ionizing  Radiation  Induces  Prostate  Cancer  Neuroendocrine 
Differentiation  through  Interplay  of  CREB  and  ATF2: 
Implications  for  Disease  Progression 

Xuehong  Deng,1  Han  Liu,1  Jiaoti  Huang,2  Liang  Cheng,3  Evan  T.  Keller,4 
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Abstract 

Radiation  therapy  is  a  first-line  treatment  for  prostate 
cancer  patients  with  localized  tumors.  Although  some 
patients  respond  well  to  the  treatment,  ~  10%  of  low-risk 
and  up  to  60%  of  high-risk  prostate  cancer  patients 
experience  recurrent  tumors.  However,  the  molecular 
mechanisms  underlying  tumor  recurrence  remain  largely 
unknown.  Here  we  show  that  fractionated  ionizing  radia¬ 
tion  (IR)  induces  differentiation  of  LNCaP  prostate  cancer 
cells  into  neuroendocrine  (NE)-like  cells,  which  are  known 
to  be  implicated  in  prostate  cancer  progression,  androgen- 
independent  growth,  and  poor  prognosis.  Further  analyses 
revealed  that  two  cyclic  AMP-responsive  element  binding 
transcription  factors,  cyclic  AMP-response  element  binding 
protein  (CREB)  and  activating  transcription  factor  2  (ATF2), 
function  as  a  transcriptional  activator  and  a  repressor, 
respectively,  of  NE-like  differentiation  and  that  IR  induces 
NE-like  differentiation  by  increasing  the  nuclear  content 
of  phospho-CREB  and  cytoplasmic  accumulation  of  ATF2. 
Consistent  with  this  notion,  stable  expression  of  a  non- 
phosphorylatable  CREB  or  a  constitutively  nuclear-localized 
ATF2  in  LNCaP  cells  inhibits  IR-induced  NE-like  differen¬ 
tiation.  IR-induced  NE-like  morphologies  are  reversible, 
and  three  IR-resistant  clones  isolated  from  dedifferenti¬ 
ated  cells  have  acquired  the  ability  to  proliferate  and 
lost  the  NE-like  cell  properties.  In  addition,  these  three 
IR-resistant  clones  exhibit  differential  responses  to  IR-  and 
androgen  depletion-induced  NE-like  differentiation.  How¬ 
ever,  they  are  all  resistant  to  cell  death  induced  by  IR  and 
the  chemotherapeutic  agent  docetaxel  and  to  androgen 
depletion-induced  growth  inhibition.  These  results  suggest 
that  radiation  therapy-induced  NE-like  differentiation  may 
represent  a  novel  pathway  by  which  prostate  cancer  cells 
survive  the  treatment  and  contribute  to  tumor  recurrence. 
[Cancer  Res  2008;68(23):9663-70] 


Note:  Supplementary  data  for  this  article  are  available  at  Cancer  Research  Online 
(http://cancerres.aacrjournals.org/). 
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Introduction 

Radiation  therapy  is  a  first-line  treatment  for  prostate  cancer. 
Although  some  patients  with  localized  tumors  respond  well  to  the 
treatment  (1),  —10%  of  low-risk  and  up  to  60%  of  high-risk 
prostate  cancer  patients  experience  recurrent  tumors  (2).  However, 
the  molecular  mechanisms  underlying  tumor  recurrence  remain 
largely  unknown. 

Neuroendocrine  (NE)  cells  are  one  of  three  types  of  epithelial 
cells  in  the  human  prostate  and  are  present  in  30%  to  100%  cases  of 
prostatic  adenocarcinoma  (3,  4).  Although  the  physiologic  role  of 
NE  cells  remains  unclear,  increased  numbers  of  NE-like  cells  seem 
to  be  associated  with  prostate  cancer  progression,  androgen- 
independent  growth,  and  poor  prognosis  (5,  6).  Interestingly, 
androgen  ablation,  cytokines  such  as  interleukin  6  (IL-6),  and 
agents  that  elevate  the  intracellular  levels  of  cyclic  AMP  (cAMP) 
can  induce  NE-like  differentiation  (NED)  in  LNCaP  prostate  cancer 
cells  by  activating  several  distinct  signaling  pathways  (5,  6).  Like  NE 
cells,  the  differentiated  NE-like  cells  also  produce  a  number 
of  neuropeptides  that  facilitate  the  growth  of  surrounding  tumor 
cells  in  a  paracrine  manner  (5-7).  They  are  generally  androgen 
receptor  negative  (8,  9),  highly  resistant  to  apoptosis  (10,  11), 
and  their  differentiation  state  is  reversible  (12).  Thus,  NE-like  cells 
may  survive  in  a  dormant  state  and  contribute  to  prostate  cancer 
recurrence  on  dedifferentiation  (12). 

cAMP  response  element  binding  protein  (CREB)  belongs  to  the 
basic  region  leucine  zipper  (bZIP)  family  of  transcription  factors 
(13-15).  It  functions  as  a  homodimer  or  heterodimer  to  bind 
a  specific  DNA  sequence,  the  cAMP  responsive  element  (16), 
to  regulate  transcription  of  target  genes  responsible  for  many 
cellular  processes  including  cell  proliferation  and  differentiation 
(15).  CREB  is  implicated  in  prostate  cancer  growth  (17),  acquisition 
of  androgen-independent  growth  (18),  and  transcription  of 
chromogranin  A  (CgA;  ref.  19)  and  prostate-specific  antigen  (20). 
Although  it  is  known  that  CREB  is  activated  by  protein  kinase 
A  through  the  phosphorylation  at  Ser133  of  CREB  IB  in  response 
to  cAMP  (14,  21),  whether  CREB  itself  can  induce  NED  remains  to 
be  determined. 

Activating  transcription  factor  2  (ATF2)  also  belongs  to  the  bZIP 
family  of  transcription  factors  (22,  23)  and  is  a  member  of  the 
activator  protein  1  (AP-1;  ref.  24).  AP-1  activity  is  required  for  many 
cellular  processes,  and  deregulated  AP-1  activity  is  implicated  in 
many  cancers  including  prostate  cancer  (25).  Interestingly,  ATF2 
and  CREB  share  the  same  cAMP  responsive  element  sequence  and 
regulate  the  transcription  of  cAMP  responsive  element- containing 
genes.  Whereas  some  cAMP  responsive  element- containing  target 
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genes  are  activated  by  CREB  and  ATF2  equally  or  cooperatively 
(26),  differential  regulation  of  other  target  genes  by  CREB  and  ATF2 
has  also  been  observed  (27-31).  Unlike  CREB,  the  role  of  ATF2 
in  prostate  cancer  is  little  known.  A  recent  study  reported  that 
increased  cytoplasmic  localization  of  phospho-ATF2  in  pro¬ 
state  cancer  specimens  correlates  with  the  clinical  progression 
of  prostate  cancer  (32),  suggesting  that  alteration  of  ATF2  sub- 
cellular  localization  may  contribute  to  clinical  progression  of 
prostate  cancer. 

We  recently  showed  that  ATF2  is  a  nucleocytoplasmic  shuttling 
protein  and  its  subcellular  localization  is  regulated  by  AP-1 
dimerization  (33).  Here  we  present  evidence  that  ATF2  constantly 
shuttles  between  the  cytoplasm  and  nucleus  in  proliferating  LNCaP 
cells  and  that  fractionated  ionizing  radiation  (IR)  induces  NED  by 
impairing  the  nuclear  import  of  ATF2  and  increasing  the  nuclear 
phospho-CREB  at  Ser133  (pCREB). 

Materials  and  Methods 

Plasmid  construction.  To  construct  a  constitutively  activated  form  of 
CREB,  cDNA  encoding  residues  413  to  490  of  VP  16  was  amplified  by  PCR 
from  VP16  (Clontech)  and  subcloned  into  pHA-CMV.  To  make  VP16-bCREB 
fusion  proteins,  cDNA  encoding  the  bZIP  domain  of  CREB  IB  (residues 
285-314)  was  amplified  by  PCR  from  a  human  cDNA  library  and  subcloned 
into  pHA-VP16.  A  flexible  glycine  spacer  (GGGGSx^  was  inserted  between 
VP  16  and  bCREB.  For  the  construction  of  nuclear-localized  ATF2  (nATF2), 
the  sequence  encoding  a  nuclear  localization  signal  (PKKKRKV)  from  the 
large  T  antigen  of  SV40  (34)  was  subcloned  upstream  of  ATF2  coding 
sequences  in  pFlag-ATF2.  pFlag-cATF2  is  a  deletion  mutant  of  ATF2  in 
which  two  nuclear  localization  signals  are  deleted  (33).  Both  cytoplasmic- 
localized  ATF2  (cATF2)  and  nATF2  were  expressed  as  a  fusion  protein  with 
the  fluorescent  protein,  Venus,  in  transient  transfection  experiments.  To 
knock  down  ATF2,  sense  and  antisense  oligos  (19-mer)  were  synthesized 
and  subcloned  into  pSUPER  (OligoEngine).  Four  short  interference  RNA 
(siRNA)  constructs  were  made,  and  their  effect  on  ATF2  expression  in 
LNCaP  cells  was  verified  by  transient  transfection,  followed 
by  immunoblotting  of  ATF2.  One  ATF2  siRNA  construct  targeting  the  5' 
untranslated  region  (148-167  of  ATF2  mRNA)  proved  to  be  the  most  potent 
and  was  used  in  this  work.  All  plasmids  were  verified  by  DNA  sequencing. 

IR-induced  NE-like  differentiation.  Cells  were  cultured  in  10-cm  dishes 
in  RPMI  1640  supplemented  with  10%  fetal  bovine  serum  (FBS)  and 
antibiotics  and  were  continuously  irradiated  (2  Gy/d,  5  d/wk)  in  a  GC-220 
Co-60  for  the  indicated  times.  NE-like  cells  were  visualized  by  morphologic 
changes,  and  the  induction  of  the  NE  markers,  CgA  and  neuron- specific 
enolase  (NSE),  was  determined  by  immunoblotting  with  anti-CgA  and  anti- 
NSE  antibodies  (Abeam).  To  determine  the  effect  of  CREB-S133A  and 
nATF2  on  IR-induced  NED,  we  used  a  tetracycline-on  system  (Invitrogen) 
to  establish  stable  cell  lines  that  inducibly  expressed  HA-CREB-S133A 
or  Flag-nATF2.  The  established  cell  lines  were  maintained  in  the  presence 
of  selectable  markers  (zeocin  and  blasticidin),  and  5  pg/mL  tetracycline 
was  applied  while  cells  were  irradiated  as  described  above.  Media  were 
changed  twice  a  week,  and  antibiotics  and  tetracycline  were  added 
accordingly.  Cells  that  extended  neurites  longer  than  two  cell  bodies  were 
scored  as  differentiated,  and  the  induction  of  CgA  and  NSE  was  analyzed 
by  immunoblotting  and  quantified  using  ImageJ  software.  Values  were 
normalized  to  (3-actin. 

Analysis  of  ATF2  and  CREB  subcellular  localization.  LNCaP  cells 
were  fixed  in  ice-cold  3.7%  formaldehyde  for  20  min,  followed  by 
permeabilization  in  ice-cold  0.2%  Triton  X-100  for  5  min.  Cells  were 
incubated  with  anti-ATF2  (c-19;  Santa  Cruz  Biotechnology)  overnight, 
followed  by  three  washes  and  incubation  with  the  secondary  antibody 
conjugated  with  Texas  red  (Jackson  ImmunoResearch  Laboratories)  for 
1  h.  To  stain  DNA,  4',6-diamidino-2-phenylindole  (DAPI)  was  added  to 
the  secondary  antibody  staining  reaction  at  the  final  concentration  of 
0.5  pg/mL.  Subcelluar  localization  of  ATF2  was  examined  by  microscopic 


analysis,  and  fluorescent  images  were  captured  using  a  charge-coupled 
device  camera  mounted  on  a  Nikon  TE2000  inverted  fluorescence  micro¬ 
scope  with  the  DAPI  and  Texas  red  filters. 

For  biochemical  subcellular  fractionation  analysis,  cytosolic  and  nuclear 
fractions  were  prepared  as  described  before  (33).  Cytosolic  and  nuclear 
fractions  were  verified  by  anti- (3-tubulin  (Sigma)  or  anti-histone  3  (Abeam), 
respectively,  in  immunoblotting  assays.  The  amounts  of  ATF2,  pCREB,  and 
CREB  were  determined  with  anti-ATF2,  anti-pCREB,  and  anti-CREB  (Cell 
Signaling)  antibodies.  The  amounts  of  ATF2  and  pCREB  in  the  cytoplasm  or 
nucleus,  respectively,  relative  to  total  protein  were  quantified  using  ImageJ 
software. 

Transient  transfection.  To  evaluate  the  effect  of  ATF2  knockdown, 
mutant  ATF2,  or  mutant  CREB  on  NED,  60%  to  80%  confluent  LNCaP  cells 
cultured  in  10-cm  dishes  were  transfected  with  the  indicated  plasmids  using 
FuGENE  HD  (Roche).  Transfected  cells  were  examined  for  morphologic 
changes  and  harvested  for  determination  of  expression  of  NE  markers  CgA 
and  NSE  by  immunoblotting  6  d  after  transfection.  The  induction  of  CgA 
and  NSE  was  quantified  using  ImageJ  software  and  normalized  to  (3-actin. 

IR-  and  androgen  depletion-induced  NE-like  differentiation  in 
IR-resistant  clones.  To  study  IR-induced  NED  in  IR-resistant  clones,  cells 
were  similarly  treated  as  described  above  for  wild-type  LNCaP  cells.  NE-like 
cells  were  visualized  by  morphologic  changes,  and  the  induction  of  NE 
markers  CgA  and  NSE  and  the  expression  of  androgen  receptor  were 
determined  by  immunoblotting  with  anti-CgA,  anti-NSE,  and  anti-androgen 
receptor  (Santa  Cruz  Biotechnology)  antibodies.  To  determine  the  response 
of  IR-resistant  clones  to  androgen  depletion  treatment,  cells  were  cultured 
in  phenol-free  RPMI  1640  supplemented  with  10%  charcoal-dextran-treated 
FBS  (CD-FBS)  for  3  wk  and  similarly  assayed  for  morphologic  changes  and 
the  induction  of  NE  markers  CgA  and  NSE.  Note  that  although  androgen 
depletion  treatment  for  1  wk  was  sufficient  to  induce  neurite  outgrowth,  the 
induction  of  CgA  and  NSE  expression  was  barely  detectable  by 
immunoblotting  even  for  wild-type  LNCaP  cells. 

Cell  viability  and  growth  inhibition  assay.  Wild-type  or  IR-resistant 
clones  were  cultured  in  48-well  plates  and  irradiated  with  fractionated  IR 
(2  Gy/d)  or  treated  with  docetaxel  (5  nmol/L)  or  cultured  in  phenol-free 
RPMI  1640  supplemented  with  10%  CD-FBS  for  the  indicated  times.  Cell 
viability  for  IR-  and  docetaxel-treated  cells  was  determined  by  a  3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide  assay  as  described 
previously  (33).  Because  irradiated  cells  only  showed  cell  death  starting 
from  the  2nd  week  of  irradiation,  the  cell  viability  of  wild- type  LNCaP  or  IR- 
resistant  clones  was  determined  by  comparing  to  cells  that  had  received  10- 
Gy  irradiation.  Because  wild-type  and  IR-resistant  clones  showed  different 
growth  rates  and  because  CD-FBS  treatment  only  inhibited  cell  growth 
without  inducing  cell  death,  cells  cultured  in  normal  FBS  were  used  as 
controls  to  first  calculate  the  percentage  of  growth  inhibition  (percentage  of 
viable  cells  in  CD-FBS  over  those  in  normal  FBS),  which  was  subsequently 
used  to  calculate  the  percentage  of  growth  inhibition  at  different  times 
when  compared  with  cells  immediately  after  treatment  (day  0).  A  Student’s 
t  test  was  applied  for  statistical  analysis. 

Results 

IR  induces  NE-like  differentiation  in  LNCaP  cells.  In  an 

attempt  to  isolate  radiation-resistant  clones  by  following  a  clinical 
protocol  (70  Gy;  ref.  1),  we  surprisingly  found  that  on  40-Gy 
irradiation  (2  Gy/d,  5  d/wk),  the  majority  of  cells  (  —  80%)  died 
whereas  cells  that  survived  the  treatment  displayed  the  growth  of 
extended  neurites  (Fig.  L4),  a  NE-like  phenotype.  Expression  of  two 
NE  cell  markers,  CgA  and  NSE,  was  significantly  induced  (Fig.  IB 
and  C).  Similar  treatments  failed  to  induce  NED  in  DU145  and  PC-3 
prostate  cancer  cells.  Consistent  with  previous  reports  that  NE  cells 
are  apoptosis  resistant  (10,  11),  IR-induced  NE-like  cells  were 
resistant  to  IR  and  survived  another  3-wk  irradiation  until  the 
completion  of  the  entire  radiation  protocol  (70  Gy).  Addition  of  the 
chemotherapeutic  agent  docetaxel  into  the  IR-induced  NE-like  cells 
did  not  cause  any  change  in  cell  viability  either. 
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Figure  1.  IR  induces  NE-like  differentiation  in  LNCaP  prostate  cancer  cells. 

A,  representative  images  of  cells  that  received  the  indicated  times  of  exposures 
(2  Gy/d,  5  d/wk).  Note  that  cells  irradiated  20  times  display  significant  neurite 
outgrowth  and  branching.  B  and  C,  immunoblotting  of  CgA  and  NSE.  Cells  that 
received  the  indicated  dose  of  radiation  were  harvested  and  20  pig  of  total  protein 
was  used  for  immunoblotting  of  CgA  and  NSE. 


IR  induces  cytoplasmic  accumulation  of  ATF2  and  an 
increase  in  nuclear  pCREB.  To  determine  the  subcellular 
localization  of  ATF2  in  IR-induced  NE-like  cells,  we  performed 
immunostaining  and  found  that  ATF2  localization  in  the  cytoplasm 
was  increased  compared  with  nontreated  cells  (Supplementary 
Fig.  SL4).  No  significant  changes  in  expression  and  nuclear 
localization  of  c-Jun,  JunB,  and  JunD  were  observed  (data  not 
shown),  suggesting  that  the  increased  cytoplasmic  localization  of 
ATF2  is  not  due  to  a  decrease  in  Jun  proteins  to  anchor  ATF2  in  the 
nucleus  (33).  In  contrast,  ATF2  was  predominantly  localized  in 
the  nucleus  with  some  cytoplasmic  localization  in  proliferating 
LNCaP  cells,  and  treatment  with  the  nuclear  export  inhibitor 
leptomycin  B  (33,  35)  increased  nuclear  localization  of  ATF2 
(Fig.  2 A).  The  nuclear  sequestration  of  ATF2  in  proliferating  LNCaP 
cells  by  leptomycin  B  was  also  confirmed  by  subcellular 
fractionation  analysis  (data  not  shown).  These  results  show  that 
ATF2  constantly  shuttles  between  the  cytoplasm  and  nucleus  in 
proliferating  LNCaP  cells.  Consistent  with  our  previous  observation 
that  phosphorylation  at  residues  T69  and  T71  does  not  regulate 
ATF2  subcellular  localization  (33),  the  subcellular  localization 
of  phospho-ATF2  was  similar  to  that  of  ATF2  in  proliferating  and 
the  NE-like  cells  (data  not  shown). 

To  determine  whether  ATF2  cytoplasmic  localization  is  a  con¬ 
sequence  or  a  potential  cause  of  NED,  we  examined  ATF2  sub¬ 


cellular  localization  at  different  time  points  before  cells  under¬ 
went  morphologic  changes.  Irradiation  of  cells  up  to  five  times 
increased  cytoplasmic  ATF2  without  inducing  striking  morpho¬ 
logic  alterations  (Fig.  2 A).  However,  treatment  of  the  irradiated 
cells  with  leptomycin  B  failed  to  induce  nuclear  accumulation 
of  ATF2  in  irradiated  cells  (Fig.  2 A),  indicating  that  IR  impairs 
the  nuclear  import  of  ATF2.  No  significant  change  in  ATF2 
subcellular  localization  was  observed  when  irradiated  less  than 
five  times.  Subcellular  fractionation  analysis  showed  that  IR 
treatment  increased  cytoplasmic  ATF2  from  24%  to  45%  of  total 
ATF2  (Fig.  2 B). 
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Figure  2.  IR  induces  cytoplasmic  accumulation  of  ATF2  and  an  increase  in 
nuclear  pCREB  in  LNCaP  cells.  A,  LNCaP  prostate  cancer  cells  cultured  in 
12-well  plates  were  treated  with  DMSO  or  leptomycin  B  (LMB\  40  ng/mL) 
overnight  or  irradiated  (2  Gy/d)  for  5  d,  followed  by  treatment  with  DMSO  or 
leptomycin  B  overnight.  Subcellular  localization  of  ATF2  was  determined  by 
immunostaining  with  anti-ATF2  antibody,  and  DNA  in  the  nucleus  was  stained 
with  DAPI.  B  and  C,  nonirradiated  ( IR- )  or  irradiated  (2  Gy  x  5;  IR+)  LNCaP 
cells  were  harvested,  and  cytosolic,  nuclear,  and  total  cellular  extracts  were 
prepared.  Approximately  20  |ag  of  total  cellular  extracts  ( T )  and  an  equal  portion 
of  cytosolic  (C)  and  nuclear  (A/)  extracts  were  used  for  immunoblotting  of  ATF2, 
pCREB,  and  CREB. 
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Because  CREB  regulates  transcription  of  CgA  (19),  we  examined 
expression  and  subcellular  localization  of  CREB  and  pCREB  in 
proliferating  and  IR-irradiated  cells,  as  we  did  for  ATF2.  Because  all 
available  pCREB  antibodies  we  tested  cross-reacted  with  phospho- 
ATF1  and  another  ~  80-kDa  cytoplasmic  protein  (data  not  shown), 
we  performed  subcellular  fractionation  analysis  and  determined 
that  IR  treatment  increased  nuclear  pCREB  from  25%  to  49%  of  the 
total  pCREB  (Fig.  2C).  Unlike  pCREB,  the  nuclear  content  of  CREB 
was  not  altered  by  IR  treatment  (Fig.  2C).  Interestingly,  pCREB  was 
also  detected  in  the  cytoplasm  in  proliferating  LNCaP  cells,  and  IR 
treatment  did  not  seem  to  alter  the  phosphorylation  extent  of 
cytoplasmic  CREB.  IR-induced  NE-like  cells  maintained  a  high  level 
of  pCREB  in  the  nucleus  (Supplementary  Fig.  SL6).  Taken  toge¬ 
ther,  these  results  show  that  IR-induced  cytoplasmic  accumula¬ 
tion  of  ATF2  and  increase  in  nuclear  pCREB  occur  before  cells 
undergo  differentiation. 

CREB  and  ATF2  play  opposing  roles  in  NE-like  differentiation. 

The  IR-induced  cytoplasmic  accumulation  of  ATF2  and  increase  in 
nuclear  pCREB  prompted  us  to  test  the  hypothesis  that  nuclear 
CREB  and  ATF2  may  play  opposing  roles  in  NED.  Indeed,  50% 
knockdown  of  ATF2  resulted  in  a  NE-like  morphologic 
change  (Supplementary  Fig.  S2 A)  and  a  1.6-fold  induction  of  NSE 
(Fig.  3A).  No  induction  of  CgA  was  observed  (data  not  shown).  In 
contrast,  transient  expression  of  VP16-bCREB,  a  constitutively 
activated  and  nuclear-localized  mutant  of  CREB  (36,  37),  induced  a 
NE-like  morphologic  change  (Supplementary  Fig.  S25)  and 
increased  CgA  and  NSE  expression  by  2-  to  3-fold  (Fig.  3 B). 
However,  overexpression  of  a  constitutively  nuclear-localized  ATF2 
(nATF2),  which  has  a  nuclear  localization  signal  from  the  large 
T  antigen  of  SV40  fused  to  the  NH2  terminus  of  ATF2  as  others  did 
(34),  inhibited  VP16-bCREB-mediated  morphologic  changes  and 
the  induction  of  NSE.  To  determine  whether  increased  cytoplasmic 
accumulation  of  endogenous  ATF2  can  induce  NED,  we  overex¬ 
pressed  a  constitutively  cytoplasmic-localized  ATF2  (cATF2),  which 
lacks  the  two  nuclear  localization  signals  (33),  in  LNCaP  cells. 
Because  ATF2  homodimerization  impairs  ATF2  nuclear  import 
(33),  overexpression  of  cATF2  increased  cytoplasmic  localization  of 
ATF2  to  ~  50%  of  total  ATF2  (data  not  shown).  Indeed,  cATF2,  but 
not  nATF2,  induced  neurite  outgrowth  (Supplementary  Fig.  S2C) 
and  a  5.4-fold  increase  in  NSE  expression  (Fig.  3C).  No  induction  of 
CgA  by  cATF2  or  nATF2  was  observed.  Transiently  expressed  cATF2- 
Venus  and  nATF2-Venus  were  predominantly  localized  to  the 
cytoplasm  and  nucleus,  respectively  (Supplementary  Fig.  S2D). 
Immunoblotting  analysis  confirmed  the  exogenous  expression  of 
VP16-bCREB,  cATF2-Venus,  and  nATF2-Venus  in  these  experiments 
(data  not  shown).  Knockdown  of  ATF2  or  expression  of  cATF2  had 
no  effect  on  the  localization  and  amount  of  pCREB,  and  over¬ 
expression  of  VP16-bCREB  did  not  alter  subcellular  localization  of 
ATF2  (data  not  shown).  Taken  together,  these  results  support  the 
hypothesis  that  CREB  and  ATF2  play  opposing  roles  in  NED. 

Stable  expression  of  a  nonphosphorylatable  CREB  or  nATF2 
inhibits  IR-induced  NE-like  differentiation.  To  further  deter¬ 
mine  the  role  of  CREB  and  ATF2  in  IR-induced  NED,  we 
established  tetracycline-inducible  stable  cell  lines  that  express 
nATF2  or  a  nonphosphorylatable  CREB  (CREB-S133A),  which  has 
been  used  as  a  dominant  negative  mutant  form  of  CREB  (13,  15). 
In  the  absence  of  tetracycline,  these  stable  cell  lines  exhibited 
normal  morphology  like  vector-only  cells  (Fig.  4 A).  However, 
addition  of  tetracycline  significantly  induced  expression  of  CREB- 
S133A  or  nATF2  (Fig.  4 B)  and  reduced  the  percentage  of  cells 
displaying  extended  neurites  in  response  to  irradiation  (Fig.  4C). 


Figure  3.  ATF2  and  CREB  play  opposing  roles  in  NE-like  differentiation.  A, 
immunoblotting  analysis  of  ATF2  and  NSE  expression  from  LNCaP  cells 
transfected  with  siRNA  constructs  for  scrambled  sequences  (SC),  ATF2  siRNA 
( ATF2 ),  or  pSUPER  vector  only  ( Vec ).  B,  immunoblotting  analysis  of  CgA  and 
NSE  from  LNCaP  cells  transfected  with  the  vector  control  (Vec),  the  plasmid 
encoding  VP16-bCREB  ( bCREB ),  or  cotransfected  with  plasmids  encoding 
VP16-bCREB  and  nATF2  ( C+A ).  C,  immunoblotting  analysis  of  NSE  from 
LNCaP  cells  transfected  with  the  vector  control  (Vec)  or  the  plasmid  encoding 
cATF2  or  nATF2.  The  number  below  each  lane  is  the  quantified  fold  change 
when  compared  with  the  first  lane. 

Interestingly,  induction  of  CgA  and  NSE  by  IR  was  inhibited  by 
nATF2,  but  not  by  CREB-S133A  (Fig.  AD).  These  results  further 
support  the  conclusion  that  nuclear  ATF2  and  pCREB  play 
different  roles  in  IR-induced  neurite  outgrowth. 

To  determine  the  relationship  between  the  expression  of  nATF2 
and  IR-induced  phosphorylation  of  CREB  and  the  relationship 
between  the  expression  of  CREB-S133A  and  the  subcellular 
localization  of  ATF2,  we  irradiated  cells  for  5  days  while  constantly 
inducing  expression  of  nATF2  or  CREB-S133A.  Expression  of  CREB- 
S133A  did  not  affect  IR-induced  cytoplasmic  localization  of  ATF2 
(data  not  shown),  whereas  expression  of  nATF2  significantly 
inhibited  IR-induced  phosphorylation  of  CREB  (Supplementary 
Fig.  S3).  However,  expression  of  nATF2  only  did  not  affect  phos¬ 
phorylation  of  CREB  in  the  absence  of  IR  (data  not  shown). 
These  results  suggest  that  IR-induced  cytoplasmic  sequestration 
of  ATF2  may  be  a  prerequisite  for  IR-induced  phosphorylation  of 
CREB  and  the  subsequent  NE-like  differentiation. 

IR-induced  NE-like  differentiation  is  reversible,  and  dedif¬ 
ferentiated  cells  lose  NE-like  properties.  Because  cAMP-induced 
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NE-like  cells  are  reversible  (12),  we  sought  to  determine  whether 
IR-induced  NE-like  cells  are  also  reversible.  We  irradiated  cells  for  4 
weeks  (40  Gy)  to  allow  all  surviving  cells  to  differentiate  into  NE- 
like  cells  and  then  waited  for  the  growth  of  any  cells  that  were 
reversible.  Although  differentiated  NE-like  cells  were  maintained 
without  obvious  cell  death  or  growth  for  the  first  2  months,  we 
isolated  three  independent  clones  3  months  after  the  completion  of 
the  irradiation.  We  named  these  clones  LNCaP-IRRl  (IRR  refers  to 
IR  resistant),  LNCaP-IRR2,  and  LNCaP-IRR3.  These  IR-resistant 
cells  showed  similar  morphology  to  wild-type  LNCaP  cells 
(Supplementary  Fig.  S4).  All  three  clones  lost  CgA  and  NSE 
expression  but  retained  levels  of  androgen  receptor  comparable  to 
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Figure  4.  Inhibition  of  IR-induced  NE-like  differentiation  by  dominant  negative 
CREB  and  nATF2.  A,  representative  images  of  stable  cell  lines  that  have 
pcDNA4/TO  (Vec),  pcDNA4-TO-Flag-nATF2  ( nATF2 ),  or  pcDNA4/TO-HA- 
CREB-S133A  ( CREB-S133A )  integrated.  B,  immunoblotting  analysis  of  induced 
nATF2  and  CREB-S133A  by  tetracycline.  Total  cell  lysates  were  prepared  3  d 
after  the  induction,  and  Flag-nATF2  and  HA-CREB-S133A  were  detected  with 
anti-ATF2  and  anti-HA  antibodies,  respectively.  C,  representative  images 
acquired  from  stable  cell  lines  that  received  40-Gy  irradiation  in  the  presence  of 
tetracycline.  The  number  indicates  the  percentage  of  cells  showing  extended 
neurites.  D,  immunoblotting  analysis  of  CgA  and  NSE  from  experiments  in 
C.  The  number  below  each  lane  is  the  quantified  fold  change  when  compared 
with  the  first  lane. 


wild- type  LNCaP  cells  (Fig.  5 A),  suggesting  that  these  clones  have 
lost  their  NE-like  cell  properties. 

To  determine  whether  these  IR-resistant  clones  can  still  be 
induced  to  redifferentiation,  we  irradiated  them  at  40  Gy  and 
examined  for  morphologic  changes  and  the  induction  of  CgA 
and  NSE.  Whereas  all  three  clones  exhibited  extended  neurite 
outgrowth  (Supplementary  Fig.  S5A),  the  induction  of  CgA  and 
NSE  was  completely  abrogated  (Fig.  5 A).  Interestingly,  androgen 
receptor  expression  in  LNCaP-IRR2  clone  was  significantly 
inhibited  like  in  parental  cells  whereas  androgen  receptor 
expression  in  LNCaP-IRRl  and  LNCaP-IRR3  cells  was  only  slightly 
attenuated.  These  distinct  responses  to  IR  treatment  suggest 
that  these  three  IR-resistant  clones  are  likely  heterogeneous.  To 
determine  how  these  clones  respond  to  androgen  depletion 
treatment,  we  treated  cells  in  phenol-free  medium  supplemented 
with  10%  CD-FBS  for  3  weeks.  Whereas  LNCaP-IRRl  and  LNCaP- 
IRR3  cells  exhibited  extended  neurite  outgrowth,  LNCaP-IRR2 
cells  showed  only  short  neurites  (Supplementary  Fig.  S5 B). 
Interestingly,  an  induction  of  CgA  expression  by  CD-FBS  similar 
to  parental  cells  was  observed  in  LNCaP-IRR2;  no  induction  was 
observed  in  LNCaP-IRRl;  and  a  significantly  attenuated  induction 
was  seen  in  LNCaP-IRR3  cells  (Fig.  5,6).  On  the  contrary,  the 
induction  of  NSE  in  LNCaP-IRR2  was  abolished,  whereas  LNCaP- 
IRRl  and  IRR3  responded  to  the  treatment  to  some  extent.  Like  the 
parental  cells,  however,  the  expression  of  androgen  receptor  in 
all  three  clones  was  significantly  down-regulated  by  the  CD-FBS 
treatment.  Taken  together,  these  results  suggest  that  the  three 
IR-resistant  clones  are  heterogeneous  and  likely  have  distinct 
molecular  defects  in  their  responses  to  IR  and  androgen  deple¬ 
tion  treatments. 

IR-resistant  and  dedifferentiated  cells  acquire  cross¬ 
resistance  to  therapy.  To  explore  the  potential  implication  of 
dedifferentiated  cells  in  prostate  cancer  progression,  we  examined 
their  response  to  radiation,  the  chemotherapeutic  agent  docetaxel 
(38),  and  androgen  depletion  treatments.  Like  the  parental  LNCaP 
cells,  all  three  clones  stopped  growth  during  the  1st  week  of 
irradiation  (10  Gy)  and  no  cell  death  was  observed  (Fig.  6 A).  During 
the  2nd  week  of  irradiation,  however,  all  three  clones  showed 
significantly  reduced  cell  death  when  compared  with  the  parental 
cells.  Interestingly,  all  three  IR-resistant  cells  began  to  resume 
growth  during  the  3rd  week  of  irradiation  whereas  the  parental 
cells  did  not  show  obvious  growth  or  death  as  all  surviving 
cells  differentiated  into  NE-like  cells.  Similar  to  their  response  to  IR 
treatment,  all  three  IR-resistant  clones  were  resistant  to  cell  death 
induced  by  the  chemotherapeutic  agent  docetaxel  (Fig.  66),  as 
well  as  to  growth  inhibition  on  androgen  depletion  (Fig.  6C).  These 
results  suggest  that  IR-induced  NE-like  cells  have  the  potential 
to  dedifferentiate  back  into  a  proliferating  state  with  the  acqui¬ 
sition  of  cross-resistance  to  radiotherapy,  chemotherapy,  and  hor¬ 
monal  therapy. 


Discussion 

NE-like  cells  are  implicated  in  prostate  cancer  progression, 
androgen-independent  growth,  and  poor  prognosis  (3-6,  39,  40). 
Because  androgen  ablation  treatment  can  induce  NED  in  vitro  and 
in  vivo  (3-6),  it  has  been  proposed  that  the  presence  of  NE-like  cells 
may  contribute  to  androgen-independent  growth,  a  critical  factor 
leading  to  the  failure  of  current  prostate  cancer  therapy.  We 
present  here  the  first  evidence  that  in  addition  to  androgen  abla¬ 
tion,  IR  also  induces  NED  in  the  prostate  cancer  cell  line  LNCaP. 
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Figure  5.  Response  of  IR-resistant  clones  to  IR-  and  androgen  depletion- 
induced  NE-like  redifferentiation.  A,  wild-type  LNCaP  (1/1/7")  and  the  indicated 
IR-resistant  clones  were  subjected  to  fractionated  IR  (40  Gy),  and  the  induction 
of  CgA  and  NSE  as  well  as  the  expression  of  androgen  receptor  (AR)  was 
compared  with  that  of  nonirradiated  cells.  B,  wild-type  LNCaP  and  IR-resistant 
clones  were  cultured  in  medium  supplemented  with  10%  FBS  or  CD-FBS  for 
3  wk,  and  the  induction  of  CgA  and  NSE  as  well  as  the  expression  of  androgen 
receptor  was  determined  by  immunoblotting. 

Significantly,  IR-induced  NED  is  reversible,  and  dedifferentiated 
cells  have  lost  the  NE-like  properties.  However,  all  isolated  three 
IR-resistant  clones  derived  from  dedifferentiated  cells  are  cross- 
resistant  to  radiation,  docetaxel,  and  androgen  depletion  treat¬ 
ments.  These  findings,  along  with  other  reports  (41-46),  strongly 
suggest  that  radiation-  or  hormonal  therapy-induced  NED  may 
represent  a  common  pathway  by  which  cancer  cells  survive  treat¬ 
ment  and  contribute  to  prostate  cancer  recurrence. 

Although  it  has  been  reported  that  signal  transducer  and 
activator  of  transcription-3  (47)  and  |3-catenin  (48)  can  mediate 
IL-6-  and  androgen  depletion-induced  NED  in  prostate  cancer 
cells,  respectively,  it  remains  largely  unexplored  how  the  switch 
from  proliferation  to  differentiation  is  turned  on  at  the  transcrip¬ 
tional  level.  Several  pieces  of  evidence  presented  in  this  work  show 
that  CREB  functions  as  a  transcriptional  activator  and  ATF2  acts  as 
a  transcriptional  repressor  of  NED.  First,  IR  induced  cytoplasmic 
accumulation  of  ATF2  and  increased  nuclear  pCREB.  Second, 
knockdown  of  ATF2  or  overexpression  of  VP16-bCREB  induced 
NED.  Third,  overexpression  of  nATF2  inhibited  NED  induced 
by  VP16-bCREB,  whereas  overexpression  of  cATF2  induced  NED. 
Last,  stable  expression  of  CREB-S133A  or  nATF2  inhibited  IR- 
induced  NED. 

The  transcriptional  regulation  of  cAMP  responsive  element- 
containing  genes  by  ATF2  and  CREB  is  dependent  on  individual 
genes.  For  example,  the  insulin  promoter  contains  one  cAMP 


responsive  element-binding  site,  and  both  ATF2  and  CREB  can 
bind  it.  However,  ATF2  activates  the  transcription  of  insulin, 
whereas  CREB  inhibits  it  (31).  In  the  present  work,  we  also  ob¬ 
served  that  overexpression  of  VP16-bCREB  increased  expression 
of  endogenous  CgA  and  NSE,  whereas  overexpression  of  nATF2 
inhibited  VP16-bCREB-induced  expression  of  NSE,  but  not  CgA. 
Likewise,  knockdown  of  ATF2  or  overexpression  of  cATF2 
increased  expression  of  NSE,  but  not  CgA.  These  results  support 
the  notion  that  the  effect  of  CREB  and  ATF2  on  target  gene 
transcription  is  dependent  on  gene  context.  Although  VP16-bCREB 
can  induce  CgA  and  NSE  expression  (Fig.  3 B),  stable  expression  of 
nATF2,  but  not  CREB-S133A,  inhibited  IR-induced  expression  of 
CgA  and  NSE  (Fig.  4 D).  Despite  the  fact  that  the  CREB-S133A- 
expressing  stable  cell  line  seems  to  have  a  basal  level  of  CgA 


Hours  of  Docetaxel  Treatment  (5  nmol/L) 


Days  of  CD-FBS  Treatment 


Figure  6.  Cross-resistance  of  IR-resistant  clones  to  therapeutic  treatments.  A, 
wild-type  LNCaP  and  the  indicated  IR-resistant  clones  were  cultured  in  48-well 
plates  and  subjected  to  fractionated  IR  for  the  indicated  doses.  Cell  viability  was 
determined  1  d  after  the  indicated  irradiation  as  the  percentage  of  viable  cells 
that  received  10-Gy  irradiation.  B,  cells  were  treated  with  docetaxel  for  the 
indicated  time  and  cell  viability  was  determined  as  the  percentage  of  viable  cells 
at  0  h.  C,  cells  were  cultured  in  10%  FBS  or  CD-FBS  for  the  indicated  time  and 
the  inhibition  of  cell  growth  by  CD-FBS  was  determined  as  described  in  Materials 
and  Methods.  *,  P  <  0.01,  compared  with  wild-type  LNCaP  cells. 
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expression  in  the  absence  of  tetracycline,  which  is  likely  due  to 
leaky  expression  of  CREB-S133A,  induction  of  CREB-S133A  by 
tetracycline  did  not  alter  the  CgA  expression  in  response  to  IR 
(Fig.  4 D).  Given  that  overexpression  of  VP16-bCREB  induced 
expression  of  both  CgA  and  NSE  (Fig.  3 B),  these  observations 
suggest  that  CREB  is  not  responsible  for  IR-induced  CgA  and 
NSE  expression.  Alternatively,  phosphorylation  of  CREB  at  different 
sites  (21)  may  contribute  to  IR-induced  CgA  and  NSE  expression. 
Future  studies  are  needed  to  distinguish  these  two  possibilities. 
Interestingly,  overexpression  of  CREB-S133A  and  nATF2  did  not 
inhibit  the  growth  of  shorter  neurites  but  rather  inhibited  the 
elongation  of  neurites  (Fig.  4C).  Consistent  with  a  role  of  CREB 
in  neurite  elongation  in  hippocampal  neurons  (49),  it  is  likely 
that  CREB  and  ATF2  may  oppose  each  other  in  irradiated  LNCaP 
cells  to  regulate  transcription  of  target  genes  essential  for  neu¬ 
rite  elongation,  one  of  the  phases  during  neuritogenesis  (50). 
Further  identification  of  the  target  genes  will  provide  insight 
into  the  molecular  mechanisms  by  which  CREB  and  ATF2  play 
opposing  roles  in  IR-induced  NED.  Because  expression  of  nATF2 
inhibited  IR-induced  phosphoryaltion  of  CREB  (Supplementary 
Fig.  S3),  it  is  possible  that  nuclear  ATF2  may  also  antagonize  an 
upstream  signaling  pathway  that  contributes  to  IR-induced  phos¬ 
phorylation  of  CREB.  It  will  be  interesting  to  determine  whether 
this  effect  is  independent  of  or  dependent  on  ATF2  transcriptional 
activity.  In  addition,  identification  of  cell  signaling  that  regulates 
cytoplasmic  accumulation  of  ATF2  and  phosphorylation  of  CREB 
will  provide  opportunities  to  develop  novel  therapeutics  for 
prostate  cancer. 


The  finding  that  IR  can  induce  NED  is  clinically  important,  given 
that  ~  10%  to  60%  of  patients  treated  with  radiation  therapy 
experience  recurrent  tumors  (2).  Although  a  detailed  and  well- 
controlled  examination  of  NE-like  cells  in  recurrent  tumors  would 
shed  light  on  our  in  vitro  findings  here,  the  fact  that  patients  who 
have  biochemical  recurrence  after  radiotherapy  normally  do  not 
undergo  surgery  or  even  biopsy  prevents  us  from  performing  this 
type  of  study.  In  addition,  the  transient  nature  of  NE-like  cells  may 
also  not  allow  us  to  find  a  causative  link  between  radiation  therapy 
and  the  induction  of  NED  in  patients.  We  are  therefore  currently 
performing  longitudinal  analyses  to  evaluate  the  effect  of  radiation 
therapy  on  NED  and  its  contribution  to  tumor  recurrence  in 
xenograft  nude  mouse  prostate  cancer  models. 
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Legends  to  Supplementary  Figures 

Supplementary  SFig.  1.  IR  induces  cytoplasmic  accumulation  of  ATF2  and  nuclear 
accumulation  of  pCREB  in  NE-like  cells.  (A).  LNCaP  cells  cultured  in  10  cm  dishes 
were  irradiated  with  fractionated  IR  (2  Gy/day,  5  days/week)  for  four  weeks  to  induce 
NE-like  differentiation.  Subcellular  localization  of  ATF2  in  NE-like  cells  was  determined 
using  immunostaining.  DAPI  staining  was  used  to  mark  the  nucleus.  Subcellular 
localization  of  ATF2  in  proliferating  LNCaP  cells  was  shown  in  Fig.  2A.  (B).  LNCaP 
cells  were  similarly  treated  as  described  in  (A)  and  cytosolic  and  nuclear  extracts  were 
prepared.  For  the  purpose  of  comparison,  non- irradiated  cells  (-)  and  cells  that  received  5 
times  of  exposure  to  IR  (10  Gy)  were  also  included.  Note  that  only  10  pg  of  cytosolic 
extract  and  the  equal  portion  of  nuclear  extract  were  loaded  for  immunoblotting  of 
pCREB. 

Supplementary  SFig.  2  ATF2  and  CREB  play  an  opposing  role  in  NE-like 
differentiation.  Shown  are  representative  images  acquired  from  cells  transfected  with 
plasmids  encoding  the  indicated  siRNA  constructs  (A),  mutant  CREB  (B),  or  mutant 
ATF2  ( C)  as  presented  in  Fig.  3.  (D)  Shown  are  subcellular  localization  of  cATF2  and 
nATF2  as  Venus  fusions. 

Supplementary  SFig.  3.  Effect  of  nATF2  on  IR-induced  phosphorylation  of  CREB.  The 
LNCaP  cells  that  stably  express  inducible  nATF2  were  cultured  in  10  cm  dishes  and 
subjected  to  IR  (2  Gy/day)  for  five  days  while  nATF2  expression  was  constantly  induced 
by  tetracycline  (Tet  +)  or  not  induced  (Tet  -).  Irradiated  cells  were  harvested,  and 
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cytosolic  (C)  and  nuclear  (N)  fractions  were  prepared.  The  amount  of  pCREB,  CREB, 
and  ATF2  in  the  cytosolic  and  nuclear  fractions  was  determined  using  immunoblotting. 

Supplementary  SFig.  4.  Morphology  of  wild-type  LNCaP  (WT)  and  the  indicated 
isolated  IR-resistant  clones  from  dedifferentiated  NE-like  cells. 

Supplementary  SFig.  5.  IR-  and  androgen  depletion-induced  NE-like  morphological 
changes  in  wild-type  LNCaP  (WT)  cells  and  IR-resistant  clones.  (A)  Shown  are 
representative  images  of  irradiated  cells  acquired  at  the  end  of  40  Gy-irradiation.  (B) 
Shown  are  representative  images  of  cells  acquired  at  the  end  of  three-week  treatment 
with  C/D-FBS. 
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Abstract:  Prostate  cancer  remains  the  most  common  noncutaneous  cancer  among  American  men.  Although  most 
patients  can  be  cured  by  surgery  and  radiotherapy,  32,050  patients  still  died  of  the  disease  in  2010.  Many  patients 
receive  radiotherapy  either  as  a  primary  therapy,  salvage  therapy,  or  in  combination  with  surgery  or  hormonal  ther¬ 
apy.  Despite  initial  treatment,  several  studies  suggest  that  approximately  10%  of  low-risk  prostate  cancer  patients 
and  up  to  30-60%  with  more  advanced  cancer  patients  experience  biochemical  recurrence  within  five  years  after 
radiotherapy.  Thus,  elucidating  the  molecular  mechanisms  underlying  radioresistance  and  tumor  recurrence  has  the 
potential  to  significantly  reduce  prostate  cancer  mortality.  We  previously  demonstrated  that  fractionated  ionizing  ra¬ 
diation  (IR)  can  induce  the  prostate  cancer  cell  line  LNCaP  to  undergo  neuroendocrine  differentiation  (NED)  by  activa¬ 
tion  of  cAMP  response  element  binding  protein  (CREB)  and  cytoplasmic  sequestration  of  ATF2,  two  CRE-binding  tran¬ 
scription  factors  that  oppose  each  other  to  regulate  NED.  Importantly,  IR-induced  NED  is  reversible  and  de¬ 
differentiated  cells  are  cross-resistant  to  IR,  androgen  depletion  and  docetaxel  treatments.  These  findings  suggest 
that  radiation-induced  NED  may  allow  prostate  cancer  cells  to  survive  treatment  and  contribute  to  tumor  recurrence. 
In  the  present  study,  we  further  demonstrated  that  IR  also  induces  NED  in  a  subset  of  DU-145  and  PC-3  cells.  In  addi¬ 
tion,  we  confirmed  that  IR  induces  NED  in  LNCaP  xenograft  tumors  in  nude  mice,  and  observed  that  the  plasma  chro- 
mogranin  A  (CgA)  level,  a  biomarker  for  NED,  is  increased  by  2-  to  5-fold  in  tumor-bearing  mice  after  fractionated  ra¬ 
diation  doses  of  20  and  40  Gy,  respectively.  Consistent  with  these  in  vivo  findings,  a  pilot  study  in  prostate  cancer 
patients  showed  that  the  serum  CgA  level  is  elevated  in  4  out  of  9  patients  after  radiotherapy.  Taken  together,  these 
findings  provide  evidence  that  radiation-induced  NED  is  a  general  therapeutic  response  in  a  subset  of  prostate  can¬ 
cer  patients.  Thus,  a  large  scale  analysis  of  radiotherapy-induced  NED  in  prostate  cancer  patients  and  its  correlation 
to  clinical  outcomes  will  likely  provide  new  insight  into  the  role  of  NED  in  prostate  cancer  radiotherapy  and  prognosis. 

Keywords:  Ionizing  radiation,  prostate  cancer,  neuroendocrine  differentiation,  ATF2,  CREB,  radiotherapy 


Introduction 

Prostate  cancer  is  the  second  leading  cause  of 
cancer  death  in  men  in  the  US  [1].  Despite  pro¬ 
gress  over  the  last  two  decades,  the  only  cura¬ 
tive  treatments  for  localized  prostate  cancer  are 
surgery  and  radiotherapy  (RT).  Although  most 
patients  can  be  cured,  several  large  scale  stud¬ 
ies  suggest  that  10%  of  patients  with  low-risk 
prostate  cancer  and  up  to  30-60%  of  patients 
with  high-risk  prostate  cancer  experience  bio¬ 
chemical  recurrence  within  5  years  after  RT. 


Among  patients  with  recurrent  disease,  20-30% 
die  within  10  years  [2-6].  Given  that  only  2.4% 
of  prostate  cancer  patients  in  the  US  initially 
present  with  metastatic  disease,  the  majority  of 
prostate  cancer  deaths  occur  in  patients  who 
underwent  the  primary  treatment  of  localized 
cancer,  local  recurrence,  salvage  therapy,  and 
eventually  distant  recurrence,  hormonal  ther¬ 
apy,  and  death.  Because  RT  is:  1)  one  of  the 
primary  treatments  for  low-risk  localized  pros¬ 
tate  cancer,  2)  a  major  treatment  for  high-risk 
prostate  cancer  when  combined  with  hormonal 
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therapy,  3)  a  major  salvage  therapy  for  local 
recurrence,  and  4)  a  recommended  adjuvant 
therapy  for  patients  undergoing  surgery  [7-13], 
enhancing  the  sensitivity  of  prostate  cancer 
cells  to  RT  will  likely  reduce,  or  even  prevent, 
tumor  recurrence  and  impact  the  management 
of  advanced  prostate  cancer. 

The  prostate  gland  contains  three  types  of 
epithelial  cells  including  luminal,  basal  and  neu¬ 
roendocrine  cells.  While  luminal  and  basal  cells 
are  the  majority  of  the  prostatic  epithelial  cells, 
NE  cells  are  less  than  1%  of  total  epithelial 
cells.  Although  the  physiological  role  of  NE  cells 
remains  ill-defined,  increased  number  of  NE-like 
cells  is  observed  in  advanced  prostate  cancer 
patients  [14,  15].  NE-like  cells  are  androgen 
receptor  (AR)  negative  and  they  do  not  prolifer¬ 
ate  [16].  However,  NE-like  cells  secrete  a  num¬ 
ber  of  peptide  hormones  and  growth  factors  to 
support  the  growth  of  surrounding  tumor  cells 
[17].  In  addition,  NE-like  cells  are  reversible  and 
can  de-differentiate  back  to  a  proliferating 
state,  which  may  contribute  to  tumor  recurrence 
[18,  19].  Further,  NE-like  cells  express  high  lev¬ 
els  of  Bcl-2  and  are  highly  apoptosis  resistant 
[7,  20,  21].  Because  the  quantification  of  NED 
by  identifying  chromogranin  A  (CgA)  or  neuron 
specific  enolase  (NSE)  positive  cells  from  pros¬ 
tate  cancer  tissues  is  affected  by  several  factors 
such  as  location  of  sampling  and  tumor  volume, 
controversial  results  regarding  the  clinical  corre¬ 
lation  of  NED  to  disease  progression  have  been 
reported  [15,  17,  22-25].  To  overcome  this  chal¬ 
lenge,  several  studies  measured  serum  bio¬ 
markers  of  NED  and  demonstrated  that  the  se¬ 
rum  CgA  level  is  the  best  biomarker  to  reflect 
the  extent  of  NED  in  prostate  cancer  tissues  [26 
-28].  Importantly,  an  increase  in  the  serum  CgA 
level  correlates  with  disease  progression  and 
the  acquisition  of  castration-resistant  prostate 
cancer  [25,  27,  29-32],  suggesting  that  NED 
may  represent  a  novel  mechanism  by  which 
prostate  cancer  cells  survive  treatment  and  con¬ 
tribute  to  recurrence.  Thus,  targeting  NE-like 
cells  has  recently  been  proposed  and  developed 
as  a  treatment  for  prostate  cancer  [7,  8,  14,  17, 
22,  33]. 

A  number  of  stimuli,  such  as  cAMP  [18,  34-36], 
IL-6  [23,  36-42],  androgen  ablation  therapy  [43- 
48],  and  EGF  [21],  have  been  reported  to  in¬ 
duce  prostate  cancer  cells  to  undergo  NED.  We 
recently  observed  that  the  prostate  cancer 
LNCaP  cells  also  underwent  NED  after  receiving 


a  clinically  relevant  dose  of  fractionated  ionizing 
radiation  (IR)  [19].  Upon  IR  doses  spanning  four 
weeks,  the  remaining  viable  cells  (-20%)  all 
differentiated  into  NE-like  cells  and  expressed 
higher  levels  of  CgA  and  NSE  [19].  Furthermore, 
we  observed  that  two  transcription  factors, 
cAMP  response  element  binding  protein  (CREB) 
and  activating  transcription  factor  2  (ATF2),  op¬ 
pose  each  other  to  regulate  NED.  Consistent 
with  this  notion,  IR  induced  cytoplasmic  seques¬ 
tration  of  ATF2  and  increased  phosphorylation 
of  nuclear  CREB.  In  the  present  study,  we  ex¬ 
tend  these  findings  to  two  other  prostate  cancer 
cell  lines,  and  provide  evidence  that  radiation 
also  induces  NED  in  LNCaP  xenograft  tumors  in 
nude  mice  and  in  human  prostate  cancer  pa¬ 
tients. 

Materials  and  methods 

Cell  culture  and  analysis  of  NED 

Cell  culture  and  NED  analysis  were  exactly  the 
same  as  previously  reported  [19]  except  that 
LNCaP  cells  were  cultured  in  RPMI1640,  DU- 
145  in  MEM,  and  PC-3  cells  in  F-12K  media. 
The  irradiation  protocol  (2  Gy/day,  5  days/ 
week),  VP16-bCREB,  and  an  ATF2  short-hairpin 
RNA  (shRNA)  plasmid  used  in  the  present  work 
to  determine  the  effect  of  IR,  VP16-bCREB  and 
ATF2  knockdown  on  NED  in  DU-145  and  PC-3 
cells  were  also  described  before  [19].  Likewise, 
immunofluorescence  and  subcellular  fractiona¬ 
tion  methods  were  similarly  used  to  determine 
the  effect  of  IR  on  the  phosphorylation  of  CREB 
and  subcellular  localization  of  ATF2. 

IR-induced  NED  in  xenograft  tumors  in  nude 
mice 

The  LNCaP  human  prostate  cancer  cells  were 
implanted  subcutaneously  by  injecting  5xl06 
cells  1:1  in  Matrigel  into  the  thighs  of  6-week 
old  male  athymic  nude  mice  (BALB/c  strain). 
Implanted  tumors  were  allowed  to  grow  to  a 
volume  of  300-500  mm3,  prior  to  irradiation.  All 
tumors  were  irradiated  to  a  total  dose  of  40  Gy 
given  in  8  twice  weekly  fractions  of  5  Gy  using  6 
-MV  x-rays  from  a  clinical  linear  accelerator  in 
the  Linda  and  William  Fleischhauer  Radiation 
Therapy  Facility  at  the  Purdue  University  School 
of  Veterinary  Medicine.  Tumors  were  treated 
using  parallel  opposed  beams  with  dose  com¬ 
puted  manually.  Tumor  volumes  were  measured 
twice  a  week  or  during  blood  sample  collec- 
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tions.  For  immunohistochemical  (IHC)  analysis 
of  NED  in  xenograft  tumors,  the  mice  were  sacri¬ 
ficed  one  day  after  the  last  treatment  (40  Gy 
total  dose),  and  the  resected  tumors  were  fixed 
in  formalin  and  embedded  in  paraffin.  Tissue 
slides  were  prepared  at  5  pm  thickness,  and 
CgA  was  stained  by  the  anti-CgA  antibody 
(Abeam).  To  determine  the  effect  of  x-ray  irradia¬ 
tion  on  plasma  CgA  and  PSA  levels,  veinous 
blood  samples  were  drawn  prior  to  treatment  (0 
Gy),  after  2  weeks  (20  Gy)  and  after  4  weeks 
(40  Gy).  The  plasma  CgA  and  PSA  were  meas¬ 
ured  using  the  CgA  EIA  kit  (Cosmo  Bio)  and  the 
PSA  ELISA  Kit  (Calbiotech)  according  to  the 
manufacturer’s  instructions.  Plasma  CgA  levels 
were  normalized  to  plasma  PSA  levels,  and  fold 
change  compared  with  the  0  Gy  time  point  was 
determined.  For  control  mice,  the  0  Gy  time 
point  was  designated  when  xenograft  tumors 
reached  300-500  mm3,  and  blood  was  drawn 
for  pre-treatment  time  point.  Blood  was  col¬ 
lected  again  after  2  weeks  and  4  weeks,  corre¬ 
sponding  with  samples  collected  after  20  Gy 
and  40  Gy  in  the  irradiated  groups.  All  animal 
experiments  were  approved  by  the  Purdue  Ani¬ 
mal  Care  and  Use  Committee  (PACUC  No.  OS- 
127),  and  all  animal  use  followed  the  Assurance 
of  Compliance  with  Public  Health  Services  Policy 
on  Fluman  Care  and  Use  of  Laboratory  Animals 
(Welfare  Assurance  #A3231-01). 

Serum  CgA  and  PSA  measurement  in  human 
prostate  cancer  patients 

Nine  patients  diagnosed  with  localized  prostate 
cancer  (six  Tic  and  one  of  each  pT2b,  pT2c, 
and  pT3a)  were  enrolled  at  Indiana  University 
School  of  Medicine.  All  patients  signed  the  con¬ 
sent  form  and  agreed  to  participate  in  the  pilot 
study  according  to  the  approved  Institutional 
Review  Board  protocol  (0805-43).  The  average 
age  of  patients  was  54.6  years  old.  Five  pa¬ 
tients  were  Gleason  score  7,  one  patient  was 
Gleason  score  9,  and  three  patients  were  Glea¬ 
son  score  6.  All  patients  were  treated  at  either 
the  Indiana  University  Hospital  or  the  Midwest 
Proton  Radiotherapy  Institute  with  the  total 
dose  of  70.2-79.2  Gy  delivered  (2  Gy/day).  To 
determine  the  effect  of  RT  on  serum  CgA  levels, 
three  blood  samples  were  drawn  before  the 
start  of  RT  treatment,  in  the  middle  of  the  treat¬ 
ment  (week  4-5),  and  after  the  treatment  (end 
of  week  7  or  8),  designated  pre-treatment,  mid¬ 
treatment  and  post-treatment,  respectively.  Se¬ 
rum  CgA  and  PSA  levels  were  measured  using 


the  CgA  EIA  kit  (Cosmo  Bio)  and  the  PSA  ELISA 
Kit  (Calbiotech)  according  to  the  manufacturer’s 
instructions.  Because  some  prostate  cancer 
patients  maintain  a  high  level  of  serum  CgA, 
which  is  likely  determined  by  the  number  of  pre¬ 
existing  NE-like  cells  and  cancer  cells  that  se¬ 
crete  CgA,  serum  CgA  levels  were  normalized  to 
serum  PSA  levels  for  the  calculation  of  fold 
change. 

Results 

IR  induces  morphological  changes  and  expres¬ 
sion  of  NED  markers  to  various  extents  in  pros¬ 
tate  cancer  cells 

To  determine  whether  our  findings  with  LNCaP 
cells  can  be  extended  to  other  prostate  cancer 
cells,  we  performed  similar  experiments  on  DU- 
145  and  PC-3  cells  as  we  did  with  LNCaP  cells 
[19].  In  LNCaP  cells,  cell  bodies  became  smaller 
and  the  majority  of  cells  were  connected  via 
longer  neurites  (Figure  1A)  [19].  In  contrast, 
enlarged  and  flat  cell  bodies  were  observed  for 
both  DU-145  and  PC-3  cells.  Unlike  LNCaP  cells 
in  which  almost  all  surviving  cells  showed  ex¬ 
tended  neurites,  only  a  subset  of  irradiated  DU- 
145  cells  (32%)  showed  neurite  outgrowth 
whereas  non-irradiated  DU-145  cells  did  not 
show  any  neurite  outgrowth  (Figure  1A).  Inter¬ 
estingly,  approximately  6%  of  non-irradiated  PC- 
3  cells  already  displayed  neurite  outgrowth 
whereas  IR  increased  the  number  of  cells  with 
neurite  outgrowth  to  35%.  Consistent  with  the 
morphological  changes,  NSE  was  also  induced 
in  DU-145  and  PC-3,  albeit  to  a  lesser  extent 
(Figure  IB).  Flowever,  no  significant  induction  of 
CgA  in  DU-145  and  PC-3  was  observed  when 
compared  with  LNCaP  cells.  While  these  results 
confirm  that  IR  can  induce  DU-145  and  PC-3 
cells  to  differentiate  into  NE-like  cells,  they  also 
suggest  that  a  subset  of  DU-145  and  PC-3  cells 
is  refractory  to  IR.  This  is  also  consistent  with 
the  differential  responses  of  prostate  cancer 
cell  lines  to  androgen  depletion,  IL-6,  cAMP  and 
EGF  treatments  [21,  23]. 

Effect  of  IR  on  CREB  activation  and  ATF2 
subcellar  localization 

In  LNCaP  cells,  we  observed  that  IR-induced 
NED  is  associated  with  increased  nuclear  phos- 
pho-CREB  and  cytoplasmic-localized  ATF2.  To 
know  whether  IR  also  activates  CREB  and  in¬ 
duces  cytoplasmic  localization  of  ATF2  in  these 
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Figure  1.  IR  induces  NED  in  prostate  cancer  cells.  A). 
Representative  images  acquired  from  the  indicated 
prostate  cancer  cells  that  were  treated  with  40  Gy  of 
fractionated  IR  (IR+)  or  without  IR  treatment  (IR-) 
(microscopy  at  200x  for  LNCaP  and  lOOx  for  PC-3 
and  DU-145).  Note  that  enlarged  and  flat  cell  bodies 
were  observed  for  irradiated  PC-3  when  compared 
with  non-irradiated  PC-3.  B).  Approximately  40  pg  of 
total  lysate  from  non-irradiated  (IR-)  and  irradiated 
(40  Gy,  IR+)  cells  was  used  for  immunoblot  analysis 
of  CgA,  NSE  and  (3-actin.  Similar  results  were  repro¬ 
duced  from  at  least  three  independent  experiments. 


cell  lines,  we  performed  immunofluorescence 
analysis  and  subcellular  fraction.  We  observed 
that  CREB  was  highly  phosphorylated  in  irradi¬ 
ated  DU-145,  but  to  a  lesser  extent  in  PC-3 
(Figure  2A).  Interestingly,  increased  cytoplasmic 
localization  of  ATF2  was  observed  in  both  DU- 
145  and  PC-3  cells  (Figure  2B).  However,  only  a 
subset  of  cells  (-50%)  showed  cytoplasmic  lo¬ 
calization  of  ATF2  in  these  two  cell  lines, 
whereas  increased  cytoplasmic  localization  was 
observed  in  almost  all  irradiated  LNCaP  cells. 
Consistent  with  immunofluorescence  analysis, 
subcellular  fractionation  also  showed  only  a 
slight  increase  of  ATF2  in  the  cytosolic  fraction 


in  irradiated  DU-145  and  PC-3  cells,  which  is 
likely  due  to  increased  cytoplasmic  localization 
of  ATF2  in  a  subset  of  cells  (data  not  shown). 
Thus,  we  conclude  that  IR  can  similarly  induce 
CREB  activation  and  impair  ATF2  nuclear  local¬ 
ization  in  a  subset  of  DU-145  and  PC-3  cells. 

Overexpression  of  VP16-bCREB  or  ATF2  knock¬ 
down  induces  NED  in  DU-145  and  PC-3  cells 

The  above  results  suggest  that  DU-145  and  PC- 
3  cell  may  have  intrinsic  defects  in  activating 
CREB  or  sequestering  ATF2  in  the  cytoplasm  in 
some  cells.  To  know  whether  these  cells  can 
still  be  induced  by  VP16-bCREB,  a  constitutively 
activated  CREB,  we  performed  similar  experi¬ 
ments  in  these  two  cell  lines  as  we  did  in  LNCaP 
cells  [19].  We  observed  that  overexpression  of 
VP16-bCREB  also  induced  neurite  extension  in 
a  subset  of  DU-145  (14%)  and  PC-3  cells  (21%) 
(Figure  3A).  Consistent  with  the  morphological 
changes,  a  slight  induction  of  both  CgA  and  NSE 
was  observed  in  DU-145  transfected  with  the 
VP16-bCREB  plasmid  (Figure  3C).  However,  only 
a  slight  induction  of  NSE,  but  not  CgA,  was  ob¬ 
served  in  PC-3  cells  transfected  with  the  VP16- 
CREB  plasmid  (Figure  3B).  Because  the  trans¬ 
fection  efficiency  is  relatively  low  in  these  two 
cell  lines,  these  results  suggest  that  expression 
of  VP16-bCREB  also  induced  NED  in  a  subset  of 
DU-145  and  PC-3  cells. 

Similar  results  were  obtained  when  ATF2  was 
knocked  down  in  both  DU-145  and  PC-3  cells 
(Figure  4).  While  no  extended  neurites  were 
observed  in  DU-145  cells  transfected  with 
scrambled  control,  approximately  25%  of  DU- 
145  transfected  with  the  ATF2  shRNA  plasmid 
for  five  days  showed  neurite  outgrowth.  Simi¬ 
larly,  26%  of  PC-3  cells  transfected  with  the 
ATF2  shRNA  plasmid  for  five  days  showed  neu¬ 
rite  outgrowth  whereas  4.5%  of  cells  trans¬ 
fected  with  the  scrambled  control  plasmid 
showed  neurite  outgrowth. 

Radiation  induces  NED  in  LNCaP  xenograft 
tumors  in  nude  mice 

To  determine  whether  IR  can  induce  NED  in 
vivo,  we  employed  nude  mouse  xenograft  mod¬ 
els.  For  this  purpose,  we  used  LNCaP  cells  as 
they  can  be  better  induced  by  IR  to  undergo 
NED.  We  performed  x-ray  irradiation  to  xeno¬ 
graft  tumors  at  10  Gy/week  (5  Gy/fraction).  Our 
preliminary  results  with  this  irradiation  protocol 
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Figure  2.  IR  induces  CREB  activation  and  cytoplasmic  sequestra¬ 
tion  of  ATF2  in  prostate  cancer  cells.  A).  A  representative  im- 
munoblot  analysis  of  phosphorylated  CREB  (pCREB)  from  non- 
irradiated  cells  (IR-)  or  from  cells  that  received  10  Gy  of  fraction¬ 
ated  IR  (IR+).  B).  Shown  are  DIC  and  fluorescent  images  for  ATF2 
and  DNA  (DAPI)  acquired  from  the  indicated  non-irradiated  pros¬ 
tate  cancer  cells  (IR-)  or  from  cells  that  received  10  Gy  of  fraction¬ 
ated  IR  (IR+)  (microscopy  at  600x).  These  experiments  were  repro¬ 
duced  at  least  three  times  and  similar  results  were  obtained. 


DIC  ATF2  DAPI  Merged 


also  induced  NED  in  vitro  (unpublished  observa¬ 
tion).  At  the  end  of  four  weeks,  mice  were  sacri¬ 
ficed  and  residual  tumor  nodules  were  resected 
for  IHC  analysis  of  CgA  expression.  Compared  to 
non-irradiated  tumors  (n=3),  some  cells  in  all 
irradiated  tumors  (n=10)  showed  higher  expres¬ 
sion  of  CgA,  suggesting  that  radiation  indeed 
induces  NED  in  xenograft  tumors  (Figure  5A). 

Because  serum/plasma  CgA  levels  can  be  used 
to  quantify  the  extent  of  NED  in  prostate  cancer 


tissues  in  human  patients,  we  next 
performed  similar  fractionated  IR  to 
xenograft  tumors  and  measured  the 
plasma  CgA  level.  We  collected  blood 
samples  from  tumor-bearing  mice 
(n=10)  before  irradiation,  and  at  2 
and  4  weeks  of  irradiation.  As  con¬ 
trols,  blood  samples  from  non- 
irradiated  tumor-bearing  mice  (n=10) 
were  also  collected  at  corresponding 
time  points  (equivalent  to  0,  20  and 
40  Gy).  Higher  plasma  CgA  levels  were 
observed  in  all  mice  bearing  large 
tumors  regardless  of  irradiation,  likely 
due  to  the  increased  number  of 
LNCaP  cells  that  express  basal  levels 
of  CgA.  Since  LNCaP  cells  secrete 
PSA,  we  normalized  plasma  CgA  levels 
to  plasma  PSA  levels  to  control  for 
differing  amounts  of  cells  present  in 
each  tumor.  Three  out  of  10  mice 
showed  elevated  plasma  CgA  levels 
after  20  Gy  of  irradiation,  and  7  mice 
showed  elevated  plasma  CgA  levels 
after  40  Gy  of  irradiation.  In  contrast, 
none  of  the  non-irradiated  tumor¬ 
bearing  mice  showed  any  elevation  of 
plasma  CgA  levels  at  the  correspond¬ 
ing  time  points.  Instead,  their  normal¬ 
ized  CgA  levels  were  lower  after  2-4 
weeks  of  observation.  Because  these 
non-irradiated  xenograft  tumors  con¬ 
tinued  to  grow  and  reached  1300 
mm3  to  2300  mm3  at  the  end  of  the 
corresponding  4-week  time  point,  the 
lower  normalized  CgA  levels  in  non- 
irradiated  mice  are  likely  due  to  in¬ 
creased  PSA  production  by  LNCaP 
cells  under  hypoxic  conditions  in 
these  large  tumors  [49].  When 
plasma  CgA  levels  in  all  10  irradiated 
mice  were  considered,  the  average 
plasma  CgA  levels  increased  by  2-  and 
5-fold  at  the  end  of  2-  and  4-week 
irradiation,  respectively,  whereas  the  average 
plasma  CgA  levels  for  the  control  group  de¬ 
creased  by  2-4  fold  at  the  end  of  2-  to  4-  weeks’ 
observation,  respectively  (Figure  5B).  Thus,  we 
conclude  that  x-ray  irradiation  can  induce  NED 
in  xenograft  tumors. 

Prostate  cancer  patients  show  elevated  levels 
of  serum  CgA  after  radiotherapy 

Because  serum  CgA  has  been  used  as  a  bio- 
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Figure  3.  Activated  CREB  induces  neurite  outgrowth 
and  the  expression  of  CgA  and  NSE  in  PC-3  and  DU- 
145  cells.  A).  Prostate  cancer  cells  PC-3  and  DU-145 
were  transfected  with  a  pHA-CMV  plasmid  encoding  a 
constitutively  activated  CREB,  VP16-bCREB  (bCREB), 
or  the  pHA-CMV  empty  vector  (Vec).  Shown  are  phase 
contrast  images  acquired  five  days  after  the  transfec¬ 
tion  (microscopy  at  200x).  The  number  indicates  the 
percentage  of  cells  showing  neurite  outgrowth.  B) 
and  C).  Expression  of  HA-VP16-bCREB  (HA),  CgA,  NSE 
and  p-actin  in  PC-3  cells  (B)  or  DU-145  cells  (C)  from 
the  experiments  in  A.  Note  that  CgA  was  not  detect¬ 
able  in  PC-3  cells  transfected  with  the  vector  control 
pHA-CMV  or  pHA-VP16-bCREB. 


Figure  4.  ATF2  knockdown  induces  neurite  out¬ 
growth  and  the  expression  of  CgA  and  NSE  in  pros¬ 
tate  cancer  cells.  A).  Prostate  cancer  cells  PC-3  and 
DU-145  were  transfected  with  the  ATF2  shRNA  plas¬ 
mid  (ATF2  KD)  or  the  scrambled  control  (SC).  Shown 
are  phase  contrast  images  acquired  five  days  after 
the  transfection  (Microscopy  at  200x).  The  number 
indicates  the  percentage  of  cells  showing  neurite 
outgrowth.  B)  and  C).  Expression  of  ATF2,  CgA,  NSE 
and  p-actin  in  PC-3  cells  (B)  or  DU-145  cells  (C)  from 
the  experiments  in  A.  Note  that  CgA  was  not  detect¬ 
able  in  PC-3  cells  transfected  with  either  SC  or  ATF2 
shRNA  plasmids. 


marker  to  monitor  hormonal  therapy-induced 
NED  in  prostate  cancer  patients  [25,  27,  29- 
32],  the  above  observations  that  x-ray  irradia¬ 
tion  to  xenograft  tumors  increased  plasma  CgA 
levels  in  nude  mice  prompted  us  to  test  if  RT 
also  induces  serum  CgA  elevation  in  human 
prostate  cancer  patients.  To  this  end,  we  col¬ 
lected  blood  samples  before  RT,  in  the  middle 
of  RT,  and  immediately  after  RT  from  prostate 
cancer  patients  enrolled  at  Indiana  University 
School  of  Medicine,  and  measured  serum  CgA 
and  PSA  levels.  Except  for  one  patient  from 
whom  we  missed  the  collection  of  his  blood 
sample  at  the  middle  time  point,  we  collected 
blood  samples  at  all  three  time  points  from  the 
other  8  patients.  Among  these  8  patients,  2 
showed  an  increase  in  the  serum  CgA  level  at 
the  middle  of  the  RT  treatment,  and  interest¬ 
ingly,  6  patients  showed  a  decrease  in  the  se¬ 


rum  CgA  level.  However,  the  CgA  level  at  the 
end  of  the  RT  treatment  in  these  6  patients  re¬ 
bounded  to  the  pre-treatment  level  or  higher 
(Figure  6).  When  compared  with  the  pre¬ 
treatment  CgA  level,  4  out  of  9  patients  showed 
1.5-2. 2  fold  increase  in  serum  CgA  levels,  2 
were  unchanged,  and  2  had  a  slight  decrease 
(less  than  2  fold)  after  RT  treatment.  Thus,  ap¬ 
proximately  44%  (4  out  of  9)  of  patients  showed 
serum  CgA  elevation  after  RT. 

Discussion 

Based  on  our  recent  findings  that  IR  can  induce 
NED  in  LNCaP  cells,  we  provide  evidence  here 
that  IR  also  induces  NED  in  DU-145  and  PC-3 
cells,  albeit  to  a  lesser  extent.  Consistent  with 
this,  IR  treatment  induced  cytoplasmic  localiza¬ 
tion  of  ATF2  and  CREB  phosphorylation  in  a  sub- 
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Figure  5.  Ionizing  radiation  induces  CgA  expression  in 
LNCaP  xenograft  tumors  and  an  increase  of  plasma 
CgA  levels  in  nude  mice.  A).  IHC  analysis  of  CgA  ex¬ 
pression  in  irradiated  LNCaP  xenograft  tumors  after 
40  Gy  (IR+)  or  in  non-irradiated  xenograft  tumors  (IR-) 
(microscopy  at  400x).  Scale  bar  represents  10  jum. 
B).  Average  fold  change  of  plasma  CgA  levels  normal¬ 
ized  to  plasma  PSA  at  the  end  of  week  2  (20  Gy)  and 
week  4  (40  Gy)  when  compared  with  pre-irradiation 
(0  Gy).  Similar  time  points  were  followed  for  blood 
collection  from  non-irradiated  tumor-bearing  mice. 
The  average  fold  change  presented  is  from  all  10 
mice  for  each  group. 


set  of  cells.  Likewise,  expression  of  a  constitu- 
tively  activated  CREB  or  ATF2  knockdown  also 
induced  the  expression  of  NSE  and/or  CgA,  and 
neurite  extension  in  these  two  cell  lines.  Thus,  it 
is  likely  that  radiation-induced  NED  is  a  general 
phenomenon.  Furthermore,  we  showed  that  IR 
also  induced  NED  in  LNCaP  xenograft  tumors  in 
nude  mice  and  that  RT  also  induced  elevation  of 
serum  CgA  levels  in  4  out  of  9  prostate  cancer 
patients.  Our  findings  here  together  suggest 
that  radiation-induced  NED  may  represent  a 
therapeutic  response  in  a  subset  of  prostate 
cancer  patients  undergoing  radiotherapy. 

Difference  between  LNCaP ,  DU-145  and  PC-3 
cells 
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Figure  6.  Radiotherapy  increases  serum  CgA  levels  in 
prostate  cancer  patients.  All  9  prostate  cancer  pa¬ 
tients  were  diagnosed  with  localized  tumors  and 
treated  at  the  Indiana  University  Hospital  or  the  Mid¬ 
west  Proton  Radiotherapy  Institute  with  70.2-79.2  Gy 
(2  Gy/fraction).  Blood  samples  were  collected  for  pre 
-treatment,  mid-treatment,  and  post-treatment.  The 
serum  CgA  levels  were  normalized  to  the  serum  PSA 
levels,  and  the  fold  change  at  mid-  and  post¬ 
treatmenttime  points  is  presented  for  each  patient. 


PatientID  No 


though  the  treatment  history  of  these  patients  is 
not  clear,  it  is  possible  that  DU1-45  and  PC-3 
cells  were  established  after  extensive  exposures 
to  treatments.  In  addition,  DU-145  and  PC-3 
cells  do  not  express  detectable  levels  of  AR  and 
other  genetic,  or  possibly  epigenetic,  changes 
may  be  involved.  These  intrinsic  differences 
may  be  responsible  for  the  differential  induction 
of  NED  by  other  stimuli  as  well  [23,  34].  Consis¬ 
tent  with  these  observations,  three  clones  iso¬ 
lated  from  regrowing  cells  after  IR-induced  NED 
are  poorly  responsive  to  IR  and  ADT  [19].  Inter¬ 
estingly,  we  observed  that  CREB  activation  and 
ATF2  cytoplasmic  sequestration  only  occurred  in 
a  subset  of  DU-145  and  PC-3  cells  after  frac¬ 
tionated  IR  whereas  almost  all  LNCaP  cells  after 
10  Gy  showed  increased  pCREB  in  the  nucleus 
and  an  increase  of  cytoplasmic  localized  ATF2. 
These  observations  suggest  that  while  DU-145 
and  PC-3  cells  do  contain  a  subset  of  cells  that 
are  inducible  by  IR  to  undergo  NED,  there  are 
also  some  cells  that  are  refractory  to  NED.  Fur¬ 
ther  analysis  of  these  intrinsic  differences 
among  these  three  cell  lines  may  shed  new  light 
on  the  molecular  mechanisms  underlying  IR- 
induced  NED. 


The  LNCaP  cell  line  was  established  from  a  local 
metastasized  lymph  node  whereas  DU-145  and 
PC-3  were  established  from  metastasized  tu¬ 
mors  in  brain  and  bone,  respectively  [50].  Al- 


CgA  as  a  biomarker  to  monitor  RT-induced  NED 

IHC  staining  of  CgA  and  NSE  has  been  widely 
used  to  identify  NE-like  cells  in  prostate  cancer 
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tissues.  Because  of  the  difficulty  in  quantifying 
NED  using  the  IHC  method,  controversial  results 
have  been  reported  [15,  17,  22-25].  To  resolve 
these  controversies,  several  groups  examined 
serum  NED  biomarkers  and  demonstrated  that 
serum  CgA  is  the  best  biomarker  that  can  re¬ 
flect  NED  in  tissues  [26-28].  In  our  xenograft 
nude  mouse  model,  we  not  only  observed  in¬ 
creased  numbers  of  tumor  cells  expressing 
higher  levels  of  CgA  in  irradiated  xenograft  tu¬ 
mors,  but  we  also  observed  an  increase  in  the 
plasma  CgA  level  in  a  dose-dependent  manner 
in  the  majority  of  mice  bearing  irradiated  xeno¬ 
graft  tumors.  In  contrast,  no  increase  in  plasma 
CgA  levels  was  observed  in  any  of  the  non- 
irradiated  tumor-bearing  mice.  Our  results  sug¬ 
gest  that  plasma  or  serum  CgA  levels  can  be 
used  to  monitor  NED  during  treatment.  In  fact, 
results  from  a  preliminary  test  with  9  prostate 
cancer  patients  suggest  that  RT  increases  se¬ 
rum  CgA  levels  in  4  out  of  9  patients  after  RT.  It 
is  worth  noting  that  a  previous  study  measured 
serum  CgA  levels  in  100  prostate  cancer  pa¬ 
tients  before  RT  and  three  months  after  RT,  and 
observed  that  10  patients  also  showed  elevated 
serum  CgA  levels  three  months  after  RT  [51]. 
Since  the  number  of  prostate  cancer  cells  has 
an  impact  on  serum  CgA  levels,  it  is  possible 
that  many  patients  who  underwent  NED  during 
treatment  may  eventually  show  lower  CgA  levels 
due  to  the  decrease  in  tumor  cells.  Because 
prostate  cancer  patients  also  often  have  pre¬ 
existing  NE-like  cells,  it  is  therefore  important  to 
monitor  patient’s  responses  during  RT  by  meas¬ 
uring  serum  CgA  at  multiple  time  points  and 
compare  with  the  serum  CgA  level  before  treat¬ 
ment.  Indeed,  we  observed  that  6  patients 
showed  an  initial  decrease  in  serum  CgA  levels 
by  the  middle  of  RT,  but  rebound  to  levels  com¬ 
parable  to  or  higher  than  before  RT.  Because 
tumors  start  to  shrink  once  treatment  begins, 
an  initial  decrease  in  serum  CgA  levels  and  sub¬ 
sequent  rebound  after  completion  of  the  treat¬ 
ment  may  provide  an  interesting  pattern  to 
monitor  RT-induced  NED.  Though  one  limitation 
of  this  pilot  study  is  the  small  sample  size,  the 
preliminary  finding  warrants  a  detailed  analysis 
of  RT-induced  NED  and  its  correlation  to  clinical 
outcomes. 

Can  targeting  NED  be  explored  as  a  novel  radio¬ 
sensitization  approach? 

The  extent  of  pre-existing  NE-like  cells  and  hor¬ 
monal  therapy-induced  NED  appear  to  contrib¬ 


ute  to  disease  progression  and  poor  prognosis 
[25,  27,  29-32].  It  is  therefore  proposed  that 
targeting  NED  can  be  explored  as  a  novel  thera¬ 
peutic  approach  [7,  8,  14,  17,  22,  33].  We  have 
observed  that  CREB  activation  can  be  induced 
by  radiation  doses  as  low  as  10  Gy  in  prostate 
cancer  cells.  In  the  case  of  LNCaP  cells,  approxi¬ 
mately  80%  of  cells  are  killed  by  IR  during  the 
second  week,  after  a  total  dose  of  20  Gy,  and 
the  remaining  20%  of  cells  surviving  the  treat¬ 
ment  undergo  NED  by  the  end  of  4  weeks  after 
a  total  dose  of  40  Gy  [19].  After  that,  no  cell 
death  occurs  after  total  doses  of  up  to  72  Gy. 
These  observations  suggest  an  interesting 
model  that  radiation-induced  NED  likely  in¬ 
cludes  at  least  two  important  phases.  The  first 
phase  is  the  selection  and  enrichment  of  radio¬ 
resistant  cells  during  the  first  two  weeks,  and 
the  second  phase  is  the  NED  phase  during  the 
second  two  weeks.  Since  increased  CREB 
phoshphorylation  was  observed  in  a  dose- 
dependent  manner  during  the  course  of  treat¬ 
ment,  it  is  likely  that  CREB  activation  is  not  only 
involved  in  radioresistance  but  also  involved  in 
IR-induced  NED.  Thus,  targeting  CREB  signaling, 
in  principle,  may  sensitize  prostate  cancer  cells 
to  IR.  In  fact,  targeting  of  CREB  upstream  signal¬ 
ing  molecules  such  as  PKA  and  CaMKII  in  pros¬ 
tate  cancer  cells  can  induce  cell  death  or  sensi¬ 
tize  cells  to  RT  or  ADT  [52-57].  Because  CREB 
can  be  phosphorylated  and  activated  by  more 
than  15  different  protein  kinases  such  as 
MAPKs,  AKT,  PKA,  CaMKII,  ATM  [58]  and  be¬ 
cause  many  of  these  protein  kinases  can  be 
activated  by  IR  [59,  60],  future  identification  of 
upstream  protein  kinases  involved  in  radiation- 
induced  CREB  activation  and  NED  may  enable 
development  of  effective  radiosensitizers  for 
prostate  cancer  treatment. 
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Background:  Alteration  of  ATF2  subcellular  localization  is  involved  in  multiple  human  diseases. 

Results:  A  second  nuclear  export  signal  was  identified  in  the  most  N-terminal  end  of  ATF2. 

Conclusion:  The  newly  identified  nuclear  export  signal  negatively  regulates  ATF2  nuclear  localization  and  transcriptional 
activity. 

Significance:  Understanding  how  ATF2  subcellular  localization  is  regulated  will  provide  insight  into  the  pathological  role  of 
ATF2  in  human  diseases. 
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Activating  transcription  factor  2  (ATF2)  belongs  to  the  basic 
leucine  zipper  family  of  transcription  factors.  ATF2  regulates 
target  gene  expression  by  binding  to  the  cyclic  AMP-response 
element  as  a  homodimer  or  a  heterodimer  with  c-Jun.  Cyto¬ 
plasmic  localization  of  ATF2  was  observed  in  melanoma, 
brain  tissue  from  patients  with  Alzheimer  disease,  prostate 
cancer  specimens,  and  ionizing  radiation-treated  prostate 
cancer  cells,  suggesting  that  alteration  of  ATF2  subcellular 
localization  may  be  involved  in  the  pathogenesis  of  these  dis¬ 
eases.  We  previously  demonstrated  that  ATF2  is  a  nucleocy- 
toplasmic  shuttling  protein,  and  it  contains  two  nuclear 
localization  signals  in  the  basic  region  and  one  nuclear  export 
signal  (NES)  in  the  leucine  zipper  domain  (named  LZ-NES). 
In  the  present  study,  we  demonstrate  that  a  hydrophobic 
stretch  in  the  N  terminus,  1 *MKFKLHV7,  also  functions  as  an 
NES  (termed  N-NES)  in  a  chromosome  region  maintenance  1 
(CRMl)-dependent  manner.  Mutation  of  both  N-NES  and 
LZ-NES  results  in  a  predominant  nuclear  localization, 
whereas  mutation  of  each  individual  NES  only  partially 
increases  the  nuclear  localization.  These  results  suggest  that 
cytoplasmic  localization  of  ATF2  requires  function  of  at  least 
one  of  the  NESs.  Further,  mutation  of  N-NES  enhances  the 
transcriptional  activity  of  ATF2,  suggesting  that  the  novel 
NES  negatively  regulates  the  transcriptional  potential  of 
ATF2.  Thus,  ATF2  subcellular  localization  is  probably  mod¬ 
ulated  by  multiple  mechanisms,  and  further  understanding  of 
the  regulation  of  ATF2  subcellular  localization  under  various 
pathological  conditions  will  provide  insight  into  the  patho¬ 
physiological  role  of  ATF2  in  human  diseases. 
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ATF2  (activating  transcription  factor  2)  is  a  basic  leucine 
zipper  (bZIP)3  protein  and  is  an  important  member  of  the  acti¬ 
vator  protein-1  (AP-1)  family  (1).  Like  other  bZIP  transcription 
factors,  ATF2  utilizes  its  basic  region  to  bind  DNA  and  its  leu¬ 
cine  zipper  region  to  dimerize  with  its  partners.  ATF2  binds  the 
cAMP-response  element,  T(G/T)ACGTCA,  as  a  homodimer 
or  ATF2*c-Jun  heterodimer  (2-4),  and  regulates  transcription 
of  a  large  set  of  genes,  including  those  involved  in  anti-apopto¬ 
sis  (5,  6),  cell  growth  (7,  8),  and  DNA  damage  response  (9). 

The  transcriptional  activity  of  ATF2  can  be  regulated  by  mul¬ 
tiple  mechanisms.  First,  the  transcriptional  activity  of  ATF2  is 
regulated  by  phosphorylation  at  Thr-69  and  Thr-71  within  the 
N-terminal  transactivation  domain  (10-12).  In  response  to 
growth  and  stress  signals,  these  two  residues  can  be  phosphor- 
ylated  by  mitogen-activated  protein  kinases  (MAPKs), 
including  extracellular  signal  regulated  kinase  (ERI<),  c-Jun 
N-terminal  kinase  (JNI<),  and  p38  (10-12).  The  phosphoryla¬ 
tion-induced  transcriptional  activity  may  be  achieved  by 
increasing  the  intrinsic  histone  acetylase  activity  of  ATF2  (13), 
promoting  DNA  binding  (14),  and/or  preventing  it  from  ubiq- 
uitination  (15, 16).  Second,  the  transcriptional  activity  of  ATF2 
is  regulated  by  an  intramolecular  interaction  between  the 
N-terminal  transactivation  domain  and  the  bZIP  domain  (17). 
This  is  largely  based  on  the  observation  that  the  activity  of 
ATF2  is  limited  when  it  is  exogenously  expressed  without  co¬ 
expression  with  its  dimerization  partners  or  coactivators  (17- 
20).  It  was  proposed  that  the  activity  of  ATF2  is  repressed  by  an 
intramolecular  interaction  between  the  N-terminal  domain 
and  the  bZIP  domain  (17).  However,  when  coexpressed  with 
coactivators,  such  as  CREB-binding  protein  or  E1A  (21),  the 
intramolecular  interaction  is  disrupted.  Third,  the  transcrip¬ 
tional  activity  is  regulated  by  its  subcellular  localization.  We 
recently  demonstrated  that  ATF2  is  a  nucleocytoplasmic  shut¬ 
tling  protein,  and  its  subcellular  localization  is  regulated  by  its 


3  The  abbreviations  used  are:  bZIP,  basic  leucine  zipper;  NLS,  nuclear  localiza¬ 
tion  signal;  NES,  nuclear  export  signal;  LMB,  leptomycin  B;  CREB,  cAMP- 
response  element-binding  protein;  IP,  immunoprecipitation;  NTD,  N-ter- 
minal  domain. 
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dimerization  (19).  Interestingly,  overexpressed  ATF2  is  pre¬ 
dominantly  localized  in  the  cytoplasm  due  to  the  inadequate 
level  of  Jun  proteins  anchoring  ATF2  in  the  nucleus  (19).  This 
finding  not  only  uncovers  a  novel  regulatory  mechanism  of 
ATF2  transcriptional  activity  but  also  provides  an  alternative 
mechanism,  that  the  limited  transcriptional  activity  of  overex¬ 
pressed  ATF2  may  be  due  to  its  insufficient  nuclear  localization 
in  addition  to  the  intramolecular  interaction. 

Alteration  of  ATF2  subcellular  localization  appears  to  be 
implicated  in  the  pathogenesis  of  several  human  diseases.  In 
melanoma  specimens,  cytoplasmic  localized  ATF2  is  associated 
with  a  better  outcome,  whereas  strong  nuclear  staining  corre¬ 
lates  with  a  poor  prognosis  (22).  In  skin  cancer,  reduced  nuclear 
ATF2  was  observed  in  most  basal  and  squamous  cell  carcinoma 
cells  (23).  In  the  brain,  cytoplasmic  ATF2  was  observed  in  cor¬ 
tical  neurons  of  patients  with  Alzheimer  disease  (24).  In  pros¬ 
tate  cancer,  increased  cytoplasmic  phosphorylated  ATF2  was 
linked  to  disease  progression  (25).  Moreover,  we  recently 
reported  that  ionizing  radiation-induced  cytoplasmic  seques¬ 
tration  of  ATF2  is  involved  in  neuroendocrine  differentiation  in 
prostate  cancer  cells  (26,  27).  Although  the  impact  of  ATF2 
subcellular  localization  appears  to  be  dependent  on  disease 
context,  these  reports  highlight  the  importance  of  understand¬ 
ing  the  molecular  mechanisms  regulating  ATF2  subcellular 
localization. 

Currently,  the  mechanism  by  which  ATF2  subcellular  local¬ 
ization  is  regulated  is  not  well  understood.  We  have  found  that 
ATF2  is  a  nucleocytoplasmic  shuttling  protein  with  a  nuclear 
export  signal  (NES)  and  two  nuclear  localization  signals  (NLSs) 
in  its  leucine  zipper  and  basic  region,  respectively  (19).  We  have 
also  demonstrated  that  heterodimerization  with  the  Jun  family 
proteins  anchors  ATF2  in  the  nucleus  by  preventing  its  nuclear 
export.  On  the  contrary,  homodimerization  of  ATF2  in  the 
cytoplasm  hampers  the  nuclear  import  (19).  Here,  we  further 
show  that  ATF2  possesses  another  NES  located  in  the  most 
N-terminal  end,  which  functions  in  cooperation  with  the  pre¬ 
viously  identified  NES  to  export  ATF2  out  of  the  nucleus. 
Importantly,  this  NES  negatively  regulates  ATF2  transcrip¬ 
tional  activity. 

EXPERIMENTAL  PROCEDURES 

Antibodies— Monoclonal  anti-FLAG  M2  antibody  and 
monoclonal  anti-hemagglutinin  (HA)  antibody  were  pur¬ 
chased  from  Sigma.  Monoclonal  anti-Myc  antibody  is  from 
Clontech  (Palo  Alto,  CA).  Monoclonal  anti-phospho-ATF2 
(Thr(P)-71)  antibody  (sc-8398),  polyclonal  anti-GFP  antibody 
(sc-8334),  and  anti-c-Jun  antibody  (sc- 1694)  were  obtained 
from  Santa  Cruz  Biotechnology,  Inc.  (Santa  Cruz,  CA). 

Plasmid  Construction— Localization  of  wild-type  and  mutant 
ATF2  proteins  was  determined  by  expressing  ATF2  as  fusion  pro¬ 
teins  with  Venus(A206I<),  a  monomeric  mutant  of  Venus  (28  -30). 
A  flexible  poly-glycine-serine  linker  (GGGGS)3  was  introduced  to 
the  N  terminus  of  Venus  (A206K)  by  PCR.  The  amplified  cDNA 
encoding  (GGGGS)3-Venus(A206I<)  was  cloned  into  the  Sail/ 
BamHI  site  of  pFLAG-CMV2  (Sigma)  to  produce  pFLAG- 
(4GlS)3-Venus(A206I<).  cDNAs  encoding  wild-type  and  all 
mutant  ATF2  proteins  were  cloned  in  frame  into  Notl/Kpnl  sites 
of  pFLAG-(4GlS)3-Venus(A206I<).  All  deletions  and  mutations  of 


ATF2  were  made  by  PCR  or  ligation  PCR  (31),  and  cDNAs  encod¬ 
ing  these  mutant  ATF2  proteins  were  subcloned  into  pFLAG- 
(4GlS)3-Venus(A206I<).  For  luciferase  reporter  gene  assays, 
cDNAs  encoding  ATF2(N-NES4A),  ATF2(LZ-NES3A),  and 
ATF2(N/LZ-NESm)  were  released  from  the  Venus(A206I<)  fusion 
constructs  and  were  subcloned  into  Notl/Kpnl  sites  of  pFLAG- 
CMV2.  To  generate  C- terminal  Myc  tag  fusion  protein,  sequence 
encoding  Myc  epitope  (MASMQKLISEEDL)  was  introduced  in 
frame  downstream  of  the  BamHI  site  by  the  PCR  method  to  pro¬ 
duce  pFLAG-MCS-Myc.  The  cDNA  encoding  wild-type  or 
mutant  ATF2  was  then  subcloned  into  Notl/Kpnl  sites  of  pFLAG- 
MCS-Myc.  To  make  double  Venus(A206I<)  fusion  proteins,  a 
PCR-amplified  DNA  fragment  encoding  Venus (A206K)  was 
cloned  into  KpnI/Sall  sites  of  pFLAG-(4GlS)3-Venus(A206I<) 
to  produce  pFLAG-2xVenus(A206I<).  PCR-amplified  DNA 
fragments  encoding  ATF2(l-73)  and  ATF2(l-73,  N-NES4A) 
were  then  cloned  into  Notl/Kpnl  sites  of  pFLAG-2xVenus- 
(A206K)  to  generate  pFLAG-ATF2(l-73)-2xVenus(A206I<)  and 
pFLAG-ATF2(l-73,  N-NES4A)-2xVenus(A206I<),  respectively. 
All  constructs  generated  by  the  PCR-based  method  were 
confirmed  by  DNA  sequencing.  The  jun2-luc  reporter  plas¬ 
mid  was  a  gift  from  Dr.  Dorien  Peters  (32).  LZ-NES3A  is  a 
substitution  of  three  leucine  residues  in  the  NES  in  the  leu¬ 
cine  zipper  region.  N-NES4A,  PNESlm,  PNES2m,  PNES3m, 
and  PNES4m  are  substitutions  of  hydrophobic  residues  in 
the  putative  NES  within  the  ATF2  N-terminal  domain 
(NTD),  as  shown  in  Figs.  2 A  and  4i>. 

Cell  Culture  and  Fluorescence  Imaging  Analysis — COS-1 
cells  were  cultured  in  Dulbecco's  modified  Eagle's  medium  sup¬ 
plemented  with  5%  fetal  bovine  serum  and  antibiotics  at  37  °C 
in  5%  C02.  Forty  thousand  cells  per  well  were  seeded  in  12-well 
plates  to  grow  overnight  and  then  transfected  with  2  pig  of 
expression  vectors  indicated  in  each  experiment  using  Fugene  6 
(Roche  Applied  Science).  At  16-18  h  post-transfection,  cells 
were  fixed  with  3.7%  formaldehyde  in  phosphate-buffered 
saline  (PBS)  for  20  min.  To  inhibit  nuclear  export  of  ATF2 
fusion  proteins,  transfected  cells,  at  14  h  after  transfection,  were 
treated  with  20  ng/ml  leptomycin  B  (LMB)  for  3.5  h  before 
fixation.  Fixed  cells  were  permeabilized  with  0.2%  Triton  X-100 
in  PBS  for  5  min  followed  by  counterstaining  with  2.5  pig/ml 
4',6-diamidino-2-phenylindole  (DAPI)  to  visualize  nuclei. 
Localization  of  various  ATF2-Venus(A206I<)  fusion  proteins 
were  examined  by  a  Nikon  TE2000-U  inverted  fluorescence 
microscope  with  YFP  filters  as  reported  previously  (19).  All 
images  for  purposes  of  quantification  were  taken  at  X  300  mag¬ 
nification.  To  determine  ATF2  localization,  five  regions  of 
interest,  with  a  diameter  of  —4.5  pun,  were  randomly  selected 
from  the  nucleus  and  perinuclear  regions,  respectively,  fol¬ 
lowed  by  measuring  the  intensity  of  Venus  fluorescence  within 
regions  of  interest  using  MetaMorph  II  software.  The  acquired 
emission  intensities  were  background-corrected  by  subtracting 
mean  fluorescence  intensity  of  fields  without  cells.  The  local¬ 
ization  of  wild-type  or  mutant  ATF2-Venus(A206I<)  within  a 
cell  was  determined  by  calculating  the  ratio  of  mean  nuclear 
fluorescence  intensity  to  mean  cytoplasmic  fluorescence  inten¬ 
sity.  More  than  50  individual  cells  were  quantified  in  each  set  of 
experiments,  and  the  ratio  of  nuclear  to  cytoplasmic  intensity  of 
each  fusion  protein  was  presented  as  mean  ±  S.E.  from  at  least 
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three  independent  experiments.  The  integrity  of  all  Venus 
fusion  proteins  was  confirmed  by  Western  blot  (supplemental 
Fig.  1). 

Co-Immunoprecipitation  (Co-IP) — To  determine  the  inter¬ 
action  between  CRM1  (chromosome  region  maintenance  1) 
and  N-NES,  COS-1  cells  cultured  in  a  10-cm  dish  were  co¬ 
transfected  with  5  pg  of  pMyc-CRMl  and  5  pg  of  pFLAG- 
Venus(A206I<)-ATF2(l-341)  or  pFLAG-Venus(A206I<)- 
ATF2(1-341,  N-NES4A)  for  2  days.  Cells  were  trypsinized  and 
resuspended  in  co-IP  buffer  (50  mM  Tris-HCl,  pH  7.4,  100  mM 
NaCl,  10  mM  EDTA,  0.1%  Triton  X-100,  1  mM  DTT,  5  pg/m\ 
chymostatin,  5  pg/m\  pepstatin  A,  5  pg/m\  leupeptin,  5  pg/m\ 
antipain,  and  5  mM  PMSF).  Cells  were  then  sonicated  to  disrupt 
plasma  and  nuclear  membrane,  followed  by  centrifugation  at 
14,000  rpm  for  10  min  at  4  °C.  The  supernatant  containing 
whole  cell  lysate  (800  pg)  was  subjected  to  co-IP  using  10  pg  of 
anti-FLAG  antibody  for  2  h  at  4  °C,  followed  by  incubation  with 
protein  G  beads  (Santa  Cruz  Biotechnology,  Inc.)  for  another 
2  h  at  4  °C.  Bead-bound  immune  complexes  were  washed  with 
co-IP  buffer  four  times  and  subjected  to  SDS-PAGE  followed  by 
immunoblotting  analysis  with  anti-Myc  and  anti-FLAG 
antibodies. 

To  determine  the  effect  of  the  LZ-NES  mutation  on 
ATF2*c-Jun  heterodimerization,  HEI<  293T  cells  were  trans¬ 
fected  with  5  pg  of  FLAG-ATF2-Venus(A206K)  or  FLAG- 
ATF2(LZ-NES3A)-Venus(A206K)  for  1  day.  Cell  lysate  was 
prepared  as  described  above  and  then  subjected  to  co-IP 
with  anti-FLAG  antibody  (10  pg)  at  4  °C  overnight,  followed 
by  incubation  with  protein  G  beads  at  4  °C  for  2  h.  The  beads 
were  washed  with  co-IP  buffer  six  times  with  a  3-min  rota¬ 
tion  at  4  °C  each  time.  The  associated  c-Jun  was  then 
detected  by  Western  blot. 

Luciferase  Reporter  Gene  Assay — COS-1  cells  were  cultured 
in  12-well  plates  and  serum-starved  for  18  h.  Cells  were  trans¬ 
fected  with  2  pg  of  each  indicated  plasmid  along  with  0.5  pg  of 
the  jun2-luc  reporter  plasmid  (luciferase  reporter  construct 
driven  by  five  tandem  repeats  of  Jun2)  (32)  and  100  ng  of 
pRL-TK  (Promega)  for  24  h.  Firefly  and  Renilla  luciferase  activ¬ 
ities  were  measured  by  the  Dual  Luciferase  Reporter  Assay  kit 
(Promega)  according  to  the  manufacturers  protocol  with  the 
following  minor  modifications.  Firefly  luciferase  activity  was 
measured  by  mixing  10  p\  of  cell  lysate  with  50  p\  of  LARII 
reagent.  Renilla  luciferase  activity  was  then  determined  by  mix¬ 
ing  the  sample  with  50  p\  of  Stop  &  Glo  reagent.  The  luciferase 
activity  was  measured  by  a  TopCount  NXT  microplate  lumi¬ 
nescence  counter  (Packard).  Luciferase  data  were  presented  as 
mean  ±  S.E.  from  at  least  three  independent  experiments  per¬ 
formed  in  duplicate. 

Immunostaining—  COS-1  cells  were  fixed  at  16  h  post- trans¬ 
fection  or  at  the  end  of  LMB  treatment  with  3.7%  formaldehyde 
for  20  min.  Cells  were  then  permeabilized  with  0.2%  Triton 
X-100  for  5  min,  followed  by  incubation  with  mouse  monoclo¬ 
nal  anti-Myc  or  anti-HA  antibody  (1:200  dilution)  for  1  h.  After 
three  washes  with  PBS,  cells  were  stained  with  Texas  Red-con¬ 
jugated  anti-mouse  IgG  secondary  antibody  and  DAPI  for 
another  1  h.  Microscopy  was  similarly  performed  as  reported 
previously  (26).  To  quantify  the  nuclear  distribution  of  ATF2 
mutants  in  Fig.  5,  COS-1  cells  were  seeded  on  coverslips  and 


co-transfected  with  indicated  plasmids  and  pHA-Venus  for 
16  h.  After  performing  Myc  and  DAPI  staining,  the  coverslips 
were  mounted  on  glass  slides  with  Vectashield  Hard  Set  mount¬ 
ing  medium  (Vector  Laboratories,  Burlingame,  CA).  Venus  fluo¬ 
rescent  signal  was  used  to  define  the  region  of  the  whole  cell 
body.  The  percentage  of  nucleus-localized  ATF2  in  each  indi¬ 
vidual  cell  was  calculated  as  (integrated  intensity  of  Myc  signal 
in  the  nucleus/integrated  intensity  of  Myc  signal  in  the  whole 
cell  body)  X  100%.  Results  were  presented  as  means  ±  S.E. 
quantified  from  more  than  60  cells. 

UV Irradiation— CO S-l  cells  expressing  ATF2(LZ-NES3A)- 
Venus  were  irradiated  with  UVC  (120  J/m2)  in  a  Spectrolinker 
XL- 1000  UV  cross-linker  (Spectronic  Corp.).  Cells  were  har¬ 
vested  at  the  indicated  time  points  and  subjected  to  Western 
blot  with  anti-phospho-ATF2  antibody.  The  phosphorylation 
status  of  the  exogenous  ATF2  was  quantified  by  ImageJ 
software. 

Statistical  Analysis— The  data  were  expressed  as  means  ± 
S.E.  and  analyzed  by  GraphPad  Prism  5  (La  Jolla,  CA).  Student’s 
t  test  was  used  to  determine  the  difference  between  two  groups. 
For  multiple-group  comparisons,  data  were  analyzed  by  one¬ 
way  analysis  of  variance,  followed  by  Tukey  post-test  if  signifi¬ 
cant  differences  were  found. 

RESULTS 

N-terminal  Domain  Promotes  ATF2  Nuclear  Export  in 
CRM  1- dependent  Manner — We  previously  demonstrated  that 
ATF2  contains  an  NES  in  the  leucine  zipper  region  (termed 
LZ-NES),  which,  in  conjunction  with  two  NLSs  in  the  basic 
region,  regulates  ATF2  nucleocytoplasmic  shuttling  (Fig.  LA). 
We  also  observed  that  deletion  of  the  NTD  (residues  1-341)  of 
ATF2  increased  nuclear  localization  of  Jun-ATF2  heterodimers 
(33),  whereas  overexpressed  full-length  ATF2  was  predomi¬ 
nantly  localized  in  the  cytoplasm  despite  possession  of  the  two 
NLS  motifs  (19).  These  results  suggest  that  the  NTD  of  ATF2 
may  negatively  regulate  ATF2  nuclear  localization.  To  test  this 
possibility,  we  examined  the  effect  of  an  NTD  deletion  on  ATF2 
subcellular  localization.  Wild-type  and  NTD-deleted  ATF2 
were  expressed  as  fusion  proteins  with  a  monomeric  form 
(A206K  mutant)  of  the  fluorescent  protein  Venus  in  COS-1 
cells.  As  shown  in  Fig.  1 B,  deletion  of  the  NTD  alone  resulted  in 
a  predominant  nuclear  localization,  demonstrating  that  the 
NTD  does  play  a  negative  role  in  the  nuclear  localization  of 
ATF2.  To  determine  the  subcellular  localization  of  the  NTD, 
we  expressed  ATF2(1-341)  as  a  fusion  with  Venus(A206I<)  and 
observed  that  ATF2(l-341)-Venus(A206I<)  was  predomi¬ 
nantly  localized  in  the  cytoplasm  (Fig.  IB).  This  result  suggests 
that  the  NTD  of  ATF2  may  possess  a  cytoplasmic  localization 
activity.  Interestingly,  treatment  of  cells  with  LMB,  a  CRM1- 
specific  nuclear  export  inhibitor  (34),  significantly  increased 
the  nuclear  localization  of  ATF2(l-341)-Venus(A206I<)  (Fig. 
1C).  Thus,  predominant  cytoplasmic  localization  of  the  ATF2 
NTD  is  probably  mediated  by  a  CRMl-dependent  nuclear 
export  mechanism.  To  determine  whether  the  nuclear  export 
activity  conferred  by  the  NTD  is  sufficient  to  drive  ATF2 
export,  we  tested  the  effect  of  LMB  on  the  localization  of 
ATF2(LZ-NES3A),  a  previously  identified  LZ-NES  mutant 
(405VAQLKQLLL413  to  405VAQAI<QALA413)  (19).  As  we 
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FIGURE  I.The  N-terminal  domain  contributes  to  CRM  1 -dependent  nuclear  export  of  ATF2.  A,  schematic  representation  of  previously  identified  NLS  and 
NES  motifs  in  ATF2.  Two  NLSs  (NLS1  (residues  342-353)  and  NLS2  (residues  356-372))  are  in  the  basic  region,  and  one  NES  ( black  box ;  residues  405-41 3)  is 
located  in  the  leucine  zipper  region.  B,  subcellular  localization  of  the  indicated  ATF2-Venus(A206K)  fusion  proteins.  COS-1  cells  were  transfected  with  plasmids 
encoding  FLAG-ATF2(1-505)-Venus(A206K)  (full-length  ATF2),  FLAG-ATF2(342-505)-Venus(A206K),  or  FLAG-ATF2(1-341)-Venus(A206K)  for  16  h.  Left,  repre¬ 
sentative  images  acquired  after  the  cells  were  fixed,  permeabilized,  and  stained  with  DAPI.  Scale  bar,  10  pum.  Right,  quantitative  results  of  the  ratio  of  nuclear 
to  cytoplasmic  fluorescence  intensity  from  three  independent  experiments.  C,  effect  of  LMB  on  subcellular  localization  of  ATF2(1-341)-Venus(A206K).  COS-1 
cells  were  transfected  with  the  plasmid  encoding  FLAG-ATF2(1-341)-Venus(A206K)  for  14  h,  followed  by  LMB  (20  ng/ml)  or  DMSO  treatment  for  3.5  h.  Left, 
representative  images.  Scale  bar,  10  pirn.  Right,  quantitative  results  of  the  ratio  of  nuclear  to  cytoplasmic  fluorescence  intensity  from  three  independent 
experiments.  D,  effect  of  LMB  on  subcellular  localization  of  ATF2(LZ-NES3A)-Venus(A206K).  COS-1  cells  were  transfected  with  the  plasmid  encoding  FLAG- 
ATF2(LZ-NES3A)-Venus(A206K)  for  1 4  h,  followed  by  LMB  or  DMSO  treatment  for  3.5  h.  Left,  representative  images.  Scale  bar,  1 0  jam.  Right,  quantitative  results 
of  the  ratio  of  nuclear  to  cytoplasmic  fluorescence  intensity  from  three  independent  experiments.  Error  bars,  S.E. 


observed  previously  (19),  mutation  of  LZ-NES  significantly 
increased  nucleus-localized  ATF2  (Fig.  ID).  Interestingly, 
treatment  of  cells  with  LMB  further  sequestered  ATF2(LZ- 


NES3A)  in  the  nucleus.  Taken  together,  these  results  suggest 
that  the  ATF2  NTD  may  possess  an  additional  CRMl-depen- 
dent  nuclear  export  activity. 
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A  TF2  NTD  Does  Not  Contain  Canonical  NES — To  determine 
whether  the  NTD  has  any  NES  motifs,  we  searched  the  N-ter- 
minal  341  residues  of  ATF2  using  Net  NES1.1  (35).  We  also 
manually  compared  the  amino  acid  sequence  within  the  NTD 
against  the  canonical  NES  sequence  <&1X2_3<&2X2_3<&3X<&4 
(where  O  represents  Leu,  lie,  Val,  Phe,  or  Met,  and  X  is  any 
amino  acid)  (35,  36).  These  searches  identified  four  putative 
NES  motifs:  PNES1,  PNES2,  PNES3,  and  PNES4  (Fig.  2A).  To 
determine  if  these  motifs  are  functional  NESs,  we  mutated  the 
conserved  hydrophobic  residues  (shown  in  boldface  type  in  Fig. 
2 A)  within  each  putative  NES  to  alanines  in  the  context  of 
ATF2(LZ-NES3A).  As  shown  in  Fig.  2,  B  and  C,  all  of  these 
mutations  did  not  increase  the  nuclear  localization  of 
ATF2(LZ-NES3A)  in  the  absence  of  LMB,  whereas  LMB  treat¬ 
ment  still  sequestered  the  mutant  fusions  in  the  nucleus. 
Moreover,  ATF2(PNESl-4m,  LZ-NES3A)-Venus(A206I<),  a 
mutant  with  all  four  putative  NESs  and  LZ-NES  mutated, 
remained  responsive  to  LMB.  These  results  suggest  that  these 
four  putative  NES  motifs  in  the  NTD  do  not  confer  the  CRM1- 
dependent  nuclear  export  activity  of  ATF2  and  that  they  are  not 
functional  NESs. 

Residues  1-73  of  ATF2  Contain  Sequence  Required  for 
CRM  1 -dependent  Nuclear  Export— Because  mutation  analysis 
suggested  that  the  ATF2  NTD  does  not  possess  a  canonical 
NES,  we  then  made  an  N-terminal  truncation  and  a  series  of 
internal  deletions  in  the  NTD  to  map  the  region  responsible  for 
mediating  the  CRM  1 -dependent  nuclear  export.  To  exclude 
the  potential  impact  of  LZ-NES  on  ATF2  subcellular  localiza¬ 
tion,  all  of  these  mutants  were  generated  in  the  context  of 
ATF2(LZ-NES3A)  (Fig.  3 A).  As  shown  in  Fig.  3,  B  and  C, 
ATF2(Al-73,  LZ-NES3A)-Venus(A206I<)  was  almost  com¬ 
pletely  localized  in  the  nucleus,  whereas  other  ATF2  mutants 
did  not  show  any  significant  increase  in  the  nuclear  localization. 
Importantly,  LMB  treatment  further  increased  the  nuclear 
localization  of  all  other  ATF2  mutants  but  not  ATF2(Al-73, 
LZ-NES3A)-Venus(A206I<).  These  results  suggest  that  the  first 
73  residues  of  ATF2  contribute  to  the  CRMl-dependent 
nuclear  export  of  ATF2  NTD.  Consistent  with  this  notion,  the 
ATF2(1-341)  fragment  only  was  predominantly  localized  in 
the  cytoplasm,  whereas  the  ATF2(74-341)  fragment  was  dis¬ 
tributed  in  both  the  nucleus  and  the  cytoplasm  (supplemental 
Fig.  2). 

Identification  of  Non- canonical  NES  in  Most  N-terminal  End 
of  ATF2 — To  confirm  that  the  first  73  residues  of  ATF2  may 
contain  an  autonomous  NES,  we  fused  ATF2(l-73)  to  the  N 
terminus  of  2xVenus(A206I<).  The  fusion  to  two  Venus  pro¬ 
teins  increases  the  molecular  mass  (to  —65  kDa)  of  the  fusion 
protein  and  thus  attenuates  its  passive  diffusion  rate  across  the 
nuclear  pore  complex.  Similar  strategies  have  been  utilized  by 
others  to  evaluate  NES  activity  (37-39).  As  shown  in  Fig.  4A, 
ATF2(l-73)-2xVenus(A206I<)  was  predominantly  localized  in 
the  cytoplasm.  Importantly,  treatment  of  cells  with  LMB 
altered  its  predominant  cytoplasmic  localization  and  increased 
its  localization  in  the  nucleus,  reinforcing  our  hypothesis  that  a 
CRMl-dependent  NES  resides  in  this  region.  Because  canoni¬ 
cal  NES  is  a  hydrophobic  residue-enriched  motif,  we  then 
searched  for  hydrophobic  residue-enriched  regions  within  the 
first  73  residues  and  identified  1MKFI<LHV7  (termed  N-NES) 


as  the  only  potential  hydrophobic  stretch.  Although  this 
sequence  does  not  match  the  consensus  NES,  a  similar  atypical 
NES  has  been  reported  in  Epsl5  (40)  (Fig.  4 B).  To  determine  if 
the  hydrophobic  stretch  functions  as  an  NES,  we  mutated 
the  four  hydrophobic  residues  to  alanines  (N-NES4A: 
1MKFKLHV7  to  1AKAKAHA7)  in  ATF2(l-73).  As  shown  in 
Fig.  4 B,  transiently  expressed  ATF2(l-73,  N-NES4A)- 
2xVenus(A206I<)  was  distributed  throughout  the  cell,  sug¬ 
gesting  that  the  hydrophobic  residues  in  the  most  N-termi¬ 
nal  end  of  ATF2  may  function  as  an  NES.  We  also  confirmed 
that  the  N-NES  is  functional  in  other  cell  lines,  including 
HEI<  293T,  LNCaP,  and  PC3  cells  (supplemental  Fig.  3).  To 
determine  that  this  atypical  NES  can  be  recognized  by 
CRM1,  we  performed  a  co-IP  assay  to  verify  the  interaction 
between  CRM1  and  ATF2(1-341).  We  coexpressed  Myc- 
CRM1  and  FLAG-Venus(A206K)-ATF2(l-341)  or  FLAG- 
Venus(A206K)-ATF2(l-341,  N-NES4A)  in  COS-1  cells  and 
then  performed  co-IP  with  anti-FLAG  antibody.  The  inser¬ 
tion  of  Venus  between  FLAG  and  ATF2  is  to  avoid  masking 
of  the  FLAG  epitope  when  CRM1  binds  to  the  NTD  of  ATF2. 
We  found  that  Myc-CRMl  was  efficiently  co-immunopre- 
cipitated  with  FLAG-Venus(A206K)-ATF2(l-341)  but  not 
FLAG-Venus(A206K)-ATF2(l-341,  N-NES4A)  (Fig.  4C), 
suggesting  that  the  hydrophobic  stretch  1MI<FKLHV7  is  rec¬ 
ognized  and  bound  by  CRM1. 

To  examine  the  impact  of  N-NES  on  ATF2  subcellular  local¬ 
ization,  we  introduced  the  mutations  into  ATF2  in  the  context 
of  full-length  ATF2  and  determined  the  localization  of  ATF2. 
Mutation  of  N-NES  significantly  increased  nuclear  distribution 
of  ATF2,  indicating  that  N-NES  does  regulate  the  subcellular 
localization  of  ATF2  (Fig.  4 D).  Importantly,  ATF2  was  predom¬ 
inantly  localized  in  the  nucleus  when  both  N-NES  and  LZ-NES 
were  mutated.  Moreover,  LMB  treatment  did  not  further 
increase  the  nuclear  localization  of  this  mutant  (supplemental 
Fig.  4),  suggesting  that  no  additional  CRMl-dependent  NES 
exists  in  ATF2.  Function  of  N-NES  in  full-length  ATF2  was  also 
confirmed  in  HEI<  293T  and  LNCaP  cells,  albeit  N-NES  seems 
to  be  a  dominant  export  signal  in  both  cell  types  (supplemental 
Figs.  5  and  6).  Taken  together,  these  results  demonstrate  that 
both  NESs  contribute  to  the  nuclear  export  of  ATF2  and  sug¬ 
gest  that  a  complete  nuclear  localization  of  ATF2  may  require 
functional  inactivation  of  both  NESs. 

Transcriptional  Activity  ofATF2  Is  Negatively  Regulated  by 
N-NES— We  previously  demonstrated  that  the  lack  of  tran¬ 
scriptional  activity  of  exogenously  expressed  ATF2  is  probably 
due  to  the  predominant  cytoplasmic  localization  of  overex¬ 
pressed  ATF2  (19).  The  increase  in  nuclear  localization  of 
N-NES-disrupted  ATF2  prompted  us  to  examine  if  its  tran¬ 
scriptional  activity  is  enhanced.  We  similarly  used  the  jun2 
luciferase  reporter  gene  to  examine  the  ATF2  transcriptional 
activity  (9,  19,  41).  Consistent  with  our  previous  observation 
(19),  wild-type  ATF2  barely  activated  the  jun2-luc  reporter  (Fig. 
5 A).  Interestingly,  ~3-fold  activation  of  jun2-luc  by  ATF2(N- 
NES4A)  was  observed.  On  the  contrary,  ATF2  with  mutations 
in  LZ-NES  or  both  NESs  did  not  activate  the  jun2-luc 
reporter.  Because  LZ-NES  of  ATF2  spans  between  the  fourth 
and  fifth  heptad  of  the  leucine  zipper  region  and  replace¬ 
ment  of  the  leucine  in  the  fourth  heptad  (corresponding  to 
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FIGURE  2.  ATF2  NTD  does  not  contain  a  canonical  NES.  A,  schematic  representation  of  four  putative  NESs  identified  in  the  ATF2  NTD.  The  amino  acids  shown 
in  boldface  type  are  hydrophobic  residues  that  match  the  consensus  NES.  B,  effects  of  LMB  on  subcellular  localization  of  putative  NES-mutated  ATF2(LZ-NES3A)- 
Venus(A206K).The  hydrophobic  residues  (shown  in  boldface  type  in  A)  of  each  (PNESl  m,  PNES2m,  PNES3m,  and  PNES4m)  or  all  putative  NESs  (PNESl  -4m)  were 
replaced  with  alanines  in  the  context  of  ATF2(LZ-NES3A)-Venus(A206K).  COS-1  cells  were  transfected  with  plasmids  encoding  the  indicated  C-terminal 
Venus(A206K)-fused  proteins  for  1 4  h,  followed  by  LMB  or  DMSO  treatment  for  3.5  h.  Shown  are  representative  images.  Scale  bar,  1 0  /xm.  C,  quantification  of 
the  results  in  B.  Shown  is  the  ratio  of  nuclear  to  cytoplasmic  fluorescence  intensity  from  three  independent  experiments.  Asterisks  indicate  a  significant 
difference  (p  <  0.05)  when  compared  with  the  respective  DMSO  treatment  group.  Error  bars,  S.E. 


the  Leu-408  of  ATF2)  with  alanine  was  shown  to  reduce  the 
stability  of  leucine-zipper  dimer  (42,  43),  we  tested  if 
LZ-NES3A  mutation  affects  heterodimerization  of  ATF2 


and  c-Jun,  the  complex  binding  to  the  jun2  response  element 
(44).  A  co-IP  was  used  to  determine  if  this  mutation  affects 
the  binding  of  exogenous  ATF2  to  endogenous  c-Jun.  HEI< 
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FIGURE  3.  N-terminal  73  residues  of  ATF2  confer  the  CRM1  -dependent  nuclear  export  activity.  A,  schematic  view  of  N-terminal  truncation  and  various 
internal  deletion  mutants  used  for  mapping  the  NES  within  the  NTD  of  ATF2.  B,  effects  of  LMB  on  subcellular  localization  of  ATF2(LZ-NES3A)-Venus(A206K) 
mutants  in  which  various  regions  within  NTD  were  deleted.  COS-1  cells  were  transfected  with  plasmids  encoding  the  indicated  C-terminal  Venus(A206K)- 
fusion  proteins  for  1 4  h,  followed  by  LMB  or  DMSO  treatment  for  3.5  h.  Shown  are  representative  images.  Scale  bar,  1 0  pun.  C,  quantification  of  the  results  in  B. 
Shown  is  the  ratio  of  nuclear  to  cytoplasmic  fluorescence  intensity  (/V/Q  from  three  independent  experiments.  *,  significant  difference  (p  <  0.05)  when 
compared  with  the  respective  DMSO  treatment  group.  Error  bars,  S.E. 


293T  cells  were  used  due  to  the  high  transfection  efficiency, 
which  allowed  us  to  efficiently  co-immunoprecipitate 
endogenous  c-Jun.  As  shown  in  Fig.  5 B,  LZ-NES3A  mutation 
reduced  the  interaction  between  ATF2  and  c-Jun,  suggesting 


that  the  stability  of  ATF2*c-Jun  complex  is  essential  for  its 
transcriptional  activity. 

We  next  sought  to  confirm  that  the  subcellular  localization 
of  these  ATF2  proteins  is  similar  to  that  of  Venus-fused  ones. 
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FIGURE  4.  Identification  of  an  NES  in  the  most  N-terminal  end  of  ATF2.  A,  effect  of  LMB  on  subcellular  localization  of  ATF2(1  -73)-2xVenus(A206K).  COS-1 
cells  were  transfected  with  the  plasmid  encoding  FLAG-ATF2(1  -73)-2xVenus(A206K)  for  1 4  h,  followed  by  LMB  or  DMSO  treatment  for  3.5  h.  Left,  representative 
images.  Scale  bar,  1 0  pun.  Right,  quantitative  results  from  three  independent  experiments.  B,  effect  of  N-NES  mutation  on  subcellular  localization  of  ATF2(1  - 
73)-2xVenus(A206K).  Top,  alignment  of  the  first  15  residues  of  ATF2  with  the  identified  NES  in  Epsl  5.  The  hydrophobic  residues  {red  letters)  were  replaced  with 
alanines  in  ATF2  to  make  the  N-NES4A  mutant.  COS-1  cells  were  transfected  with  plasmids  encoding  FLAG-ATF2(1  -73)-2xVenus(A206K)  or  FLAG-ATF2(1  -73, 
N-NES4A)-2xVenus(A206K)  for  16  h.  Bottom  left,  representative  images.  Scale  bar,  10  pun.  Bottom  right,  quantitative  results  from  three  independent  experi¬ 
ments.  C,  interaction  of  CRM1  with  ATF2  N-NES  in  COS-1  cells.  COS-1  cells  were  co-transfected  with  plasmids  encoding  Myc-CRMI  and  FLAG-Venus(A206K)- 
ATF2(1  -341 )  or  FLAG-Venus(A206K)-ATF2(1  -341 ,  N-NES4A).  Whole  cell  lysate  {WCL)  was  immunoprecipitated  with  anti-FLAG  antibody.  The  immunoprecipi- 
tates  were  examined  by  Western  blot  {WB)  using  anti-Myc  antibody.  Similar  levels  of  exogenous  protein  expression  were  confirmed  by  subjecting  4%  of  whole 
cell  lysate  to  Western  blot.  Shown  is  a  representative  co-IP  result  from  three  independent  experiments.  D,  effect  of  NES  mutations  on  subcellular  localization 
of  full-length  ATF2-Venus(A206K).  COS-1  cells  were  transfected  with  plasmids  encoding  FLAG-ATF2(WT)-Venus(A206K),  FLAG-ATF2(N-NES4A)-Venus(A206K), 
FLAG-ATF2(LZ-NES3A)-Venus(A206K),  or  FLAG-ATF2(N/LZ-NESm)-Venus(A206K)  for  16  h.  Left,  representative  images.  Scale  bar,  10  pun.  Right,  quantitative 
results  from  three  independent  experiments.  Different  letters  above  the  bars  indicate  significant  differences  (p  <  0.05)  in  the  ratio  of  nuclear  to  cytoplasmic 
fluorescence  intensity  (one-way  analysis  of  variance).  Error  bars,  S.E. 


To  avoid  the  potential  masking  of  FLAG  epitope  by  the  CRM1/ 
N-NES  interaction,  we  fused  a  Myc  tag  to  the  C-terminal  end  of 
each  protein  and  determined  the  percentage  of  nucleus-local¬ 
ized  ATF2  mutants  by  immunostaining  with  anti-Myc  anti¬ 
body.  As  shown  in  Fig.  5C,  mutation  of  N-NES  increased  the 
nuclear  distribution  of  ATF2  from  14  to  37%,  whereas  mutation 
of  both  NESs  further  brought  the  percentage  of  ATF2  in  the 
nucleus  up  to  79%.  We  then  performed  the  same  reporter  assay 
and  found  that  mutation  of  N-NES  also  significantly  enhanced 
transcriptional  activity  of  the  ATF2-Myc  fusion  protein,  albeit 
to  a  lesser  extent  when  compared  with  the  counterpart  without 
Myc  tag  (supplemental  Fig.  7).  In  summary,  these  results  sug¬ 
gest  that  N-NES  negatively  regulates  ATF2  nuclear  localization 
and  the  transcriptional  activity. 

N-NES  Is  Not  Regulated  by  MARK  Phosphorylation — Tran¬ 
scriptional  activity  of  ATF2  is  regulated  by  MAPKs,  which 
phosphorylate  Thr-69/71  in  the  NTD.  We  previously  demon¬ 
strated  that  MAPI<  phosphorylation  did  not  affect  the  subcel¬ 
lular  localization  of  full-length  ATF2  with  intact  N-NES  and 
LZ-NES  (19).  To  determine  whether  MAPK-mediated  phos¬ 
phorylation  has  any  impact  on  N-NES,  we  substituted  Thr-69 
and  -71  with  non-phosphorylatable  alanine,  phosphomimic 
aspartic  acid,  or  glutamic  acid  in  the  background  of  ATF2(LZ- 
NES3A).  As  shown  in  Fig.  6 A,  none  of  the  substitutions  altered 


the  subcellular  localization  of  ATF2.  We  also  found  that  the 
exogenous  ATF2(LZ-NES3A)-Venus(A206I<)  but  not  the  ala¬ 
nine  mutant  was  readily  phosphorylated  at  Thr-71  in  cells  (Fig. 
6 B).  To  further  evaluate  the  effect  of  ATF2  Thr-69/Thr-71 
phosphorylation  on  N-NES  activity,  COS-1  cells  expressing 
ATF2(LZ-NES3A)-Venus(A206K)  were  subjected  to  UV  irra¬ 
diation,  which  induces  ATF2  phosphorylation  by  activating 
JNI<  and  p38  kinases  (9,  12,  45).  No  significant  change  in  sub¬ 
cellular  localization  of  the  exogenous  ATF2  was  observed  (Fig. 
6C),  although  UV  irradiation  indeed  enhanced  ATF2  phosphor¬ 
ylation  (Fig.  6 D).  Taken  together,  these  results  indicate  that  the 
N-NES  is  unlikely  to  be  regulated  by  MAPK-mediated 
phosphorylation. 

DISCUSSION 

We  previously  demonstrated  that  ATF2  possesses  two  NLS 
and  one  NES  (LZ-NES)  and  constitutively  shuttles  between  the 
cytoplasm  and  nucleus  in  a  monomeric  form  (19).  In  the  pres¬ 
ent  study,  we  identified  another  NES  (N-NES)  in  the  most 
N-terminal  end  of  ATF2,  suggesting  that  the  subcellular  local¬ 
ization  of  ATF2  is  modulated  by  multiple  layers  of  regulations. 
Nuclear  localization  of  ATF2  requires  formation  of  a  het¬ 
erodimer  with  c-Jun,  which  masks  the  LZ-NES  of  ATF2  and 
anchors  ATF2  in  the  nucleus.  With  limited  c-Jun  protein,  ATF2 
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FIGURE  5.  Mutation  of  N-NES  enhanced  ATF2  transcriptional  activity. 

A,  effect  of  NES  mutations  on  transcriptional  activity  of  ATF2.  Serum-starved 
COS-1  cells  were  transfected  with  0.5  jag  of  jun2-luc,  1 00  ng  of  pRL-TK  along 
with  2  pig  of  pCMV-FLAG  (vector),  pFLAG-ATF2,  pFLAG-ATF2(N-NES4A), 
pFLAG-ATF2(LZ-NES3A),  or  pFLAG-ATF2(N/LZ-NESm)  for  24  h.  Values  of  fire¬ 
fly /Renilla  luciferase  were  presented  as  fold  change  over  vector  control. 
Results  are  shown  as  mean  ±  S.E.  from  three  independent  experiments  done 
in  duplicate.  B,  effect  of  LZ-NES  mutation  on  ATF2*c-Jun  heterodimerization. 
HEK  293T  cells  were  transfected  with  plasmids  encoding  FLAG-ATF2- 
Venus(A206K)  or  FLAG-ATF2(LZ-NES3A)-Venus(A206K).  Whole  cell  lysate 
[WCL)  was  immunoprecipitated  with  anti-FLAG  antibody  followed  by 


is  predominantly  located  in  the  cytoplasm  due  to  two  mecha¬ 
nisms.  First,  ATF2  homodimerization  in  the  cytoplasm  can 
inhibit  nuclear  import  (19).  Second,  localization  of  the  ATF2 
monomer  is  determined  by  the  balance  between  N-NES,  LZ- 
NES,  and  two  NLSs.  The  nuclear  export  rate  contributed  by 
both  N-NES  and  LZ-NES  seems  to  outweigh  the  nuclear  import 
rate  conferred  by  the  two  NLSs  because  the  homodimerization- 
deficient  mutant  ATF2(L4P)  is  predominantly  located  in  the 
cytoplasm  (19). 

Since  identification  of  the  consensus  NES  motifs  (36),  many 
nucleocytoplasmic  shuttling  proteins  have  been  demonstrated 
to  possess  the  canonical  NES  motif.  The  NES  motif  is  a  hydro- 
phobic-rich  region,  defined  as  T>1X2_302X2_3T>3X04  (where  O 
represents  Leu,  lie,  Val,  Phe,  or  Met,  and  X  is  any  amino  acid) 
(35,  36).  Interestingly,  only  72%  of  reported  NES  motifs  match 
this  well  defined  consensus  NES  (35),  and  the  remaining  motifs 
have  only  partially  conserved  NESs.  As  presented  in  this  study, 
the  N-NES  of  ATF2,  MKFKLHV,  has  only  one  amino  acid  res¬ 
idue  between  OVO2  and  <T2/<T3,  respectively.  Because  similar 
sequence  presented  in  Epsl5  acts  as  a  functional  NES  (40),  we 
have  provided  several  lines  of  evidence  to  demonstrate  that 
the  N-NES  is  also  functional.  First,  the  N-terminal  73  residues 
are  sufficient  to  render  a  tandem  Venus  fusion  to  be  localized  in 
the  cytoplasm  (Fig.  4 A).  Second,  this  tandem  Venus  fusion  is 
responsive  to  LMB  treatment.  Third,  mutation  of  N-NES  in  the 
context  of  full-length  ATF2  increased  ATF2  nuclear  localiza¬ 
tion  (Fig.  4 D).  Finally,  CRM1  can  be  coimmunoprecipitated 
with  the  wild-type  N-terminal  domain  of  ATF2  but  not  the 
mutant  form  (Fig.  4 C).  Thus,  ATF2  has  a  canonical  NES  in  its 
leucine  zipper  domain  and  a  non-canonical  NES  in  the  most 
N-terminal  end. 

The  N-terminal  end  localization  of  N-NES  may  allow  it  to  be 
more  accessible  to  CRM1  (46).  Interestingly,  due  to  its  unique 
location,  a  careful  experimental  design  is  needed  in  order  to 
determine  ATF2  subcellular  localization.  We  observed  that  an 
N-terminal  FLAG  tag  immediately  adjacent  to  the  N-NES  pre¬ 
vented  us  from  staining  the  nucleus-localized  FLAG-ATF2 
(data  not  shown),  which  is  probably  due  to  the  binding  of 
CRM1  to  the  N-NES  of  FLAG-ATF2  in  the  nucleus.  Similarly, 
we  also  observed  a  slight  but  significant  increase  in  nuclear 
localization  of  ATF2  when  Venus  is  fused  to  the  N  terminus  of 
the  protein  (supplemental  Fig.  8),  which  may  be  due  to  a  steric 
hindrance  for  the  CRM1/N-NES  interaction.  Therefore,  C-ter- 
minal  fluorescent  protein  or  tag  fusions  are  preferred  when 
exogenous  ATF2  fusion  proteins  are  used  for  the  analysis  of 
ATF2  subcellular  localization. 

Nucleocytoplasmic  shuttling  of  transcription  factors  has 
emerged  as  an  important  research  area.  Many  transcription  fac- 


Western  blot  [WB)  analysis  with  anti-c-Jun  antibody.  Similar  levels  of  exoge¬ 
nous  protein  expression  were  confirmed  by  subjecting  2%  of  whole  cell  lysate 
to  Western  blotting  with  anti-GFP  antibody,  which  recognizes  Venus.  Shown 
is  a  representative  co-IP  result  from  two  independent  experiments.  C,  effect 
of  NES  mutations  on  subcellular  localization  of  ATF2-Myc  fusion  proteins. 
COS-1  cells  were  transfected  with  pFIA-Venus  along  with  plasmids  encoding 
FLAG-ATF2-Myc,  FLAG-ATF2(N-NES4A)-Myc,  FLAG-ATF2(LZ-NES3A)-Myc,  or 
FLAG-ATF2(N/LZ-NESm)-Myc  for  1 6  h.  Cells  were  then  fixed  and  subjected  to 
immunostaining  with  anti-Myc  antibody.  Scale  bar,  1 0  jam.  The  number  indi¬ 
cates  the  percentage  of  nuclear  distribution  ±  S.E.  quantified  from  more  than 
60  cells.  Error  bars,  S.E. 
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FIGURE  6.  N-NES  of  ATF2  is  not  regulated  by  MAPK  phosphorylation.  A,  effect  of  various  Thr-69/Thr-71  mutants  on  subcellular  localization  of  ATF2(LZ- 
NES3A)-Venus(A206K).  COS-1  cells  were  transfected  with  plasmids  encoding  indicated  mutant  ATF2  fused  to  Venus  for  1 6  h.  Left,  representative  images.  Scale 
bar,  10  ptm.  Right,  quantitative  results  of  the  ratio  of  nuclear  to  cytoplasmic  fluorescence  intensity  from  three  independent  experiments.  No  significant 
difference  was  found  (n.s.;  one-way  analysis  of  variance).  B,  effect  of  T69A/T71 A  mutation  on  Thr-71  phosphorylation  status  of  ATF2(LZ-NES3A)-Venus(A206K). 
COS-1  cells  were  transfected  with  plasmids  encoding  FLAG-ATF2(LZ-NES3A)-Venus(A206K)  or  FLAG-ATF2(T69A,T71  A,LZ-NES3A)-Venus(A206K)  for  16  h. 
Thr-71  phosphorylation  status  was  examined  by  Western  blot.  Comparable  expression  of  both  exogenous  proteins  was  confirmed  by  immunoblotting  with 
anti-GFP  antibody.  C,  effect  of  UV  irradiation  on  subcellular  localization  of  ATF2(LZ-NES3A)-Venus(A206K).  COS-1  cells  were  transfected  with  the  plasmid 
encoding  FLAG-ATF2(LZ-NES3A)-Venus(A206K)  for  1 6  h  followed  by  UV  irradiation  (1 20  J/m2).  Cells  were  fixed  at  45  or  90  min  after  treatment.  Left,  represen¬ 
tative  images.  Scale  bar,  1 0  jam.  Right,  quantitative  results  of  the  ratio  of  nuclear  to  cytoplasmic  fluorescence  intensity  from  three  independent  experiments.  No 
significant  difference  was  found  (one-way  analysis  of  variance).  D,  effect  of  UV  irradiation  on  Thr-71  phosphorylation  status  of  ATF2(LZ-NES3A)-Venus(A206K). 
Thr-71  phosphorylation  status  of  ATF2(LZ-NES3A)-Venus(A206K)  at  the  indicated  time  point  after  UV  treatment  was  determined  by  Western  blot.  The  number 
below  each  lane  is  the  quantified  fold  change  when  compared  with  the  first  lane.  Error  bars,  S.E. 


tors  critical  to  cell  fate  determination  are  tightly  regulated  by 
multiple  NLS  and  NES  motifs.  This  may  allow  regulation  of 
these  transcription  factors  by  multiple  mechanisms.  For  exam¬ 
ple,  p53  contains  two  NESs  and  three  NLSs  (47-50).  The  N-ter- 
minal  NES  is  regulated  by  phosphorylation  events  in  response 
to  DNA  damage  (50),  whereas  the  NES  in  the  tetramerization 
domain  is  masked  upon  p53  oligomerization  (49).  In  the  case  of 
ATF2,  we  have  shown  that  the  function  of  LZ-NES  is  inhibited 
when  ATF2  heterodimerizes  with  the  Jun  family  proteins. 
However,  it  is  currently  unknown  whether  and  how  the  N-NES 
of  ATF2  is  regulated.  Because  phosphorylation  at  Thr-69  and 
Thr-71  by  MAPKs  is  known  to  stimulate  transactivation  activ¬ 
ity  of  ATF2,  we  initially  thought  that  MAPK  phosphorylation 
may  regulate  ATF2  subcellular  localization.  However,  it  does 
not  appear  to  be  the  case  because  substitutions  of  these  two 
residues  to  non-phosphorylatable  alanines  or  phosphorylation- 
mimicking  aspartic  acid  or  glutamic  acid  residues  did  not  affect 
the  localization  of  ATF2(LZ-NES3A)  (Fig.  6 A).  In  addition,  fur¬ 
ther  induction  of  phosphorylation  at  these  two  residues  by  UV 
did  not  affect  the  localization  of  this  mutant  (Fig.  6C).  Because 
ATF2  is  also  phosphorylated  at  other  sites  in  the  NTD  (51,  52), 
it  remains  to  be  investigated  whether  phosphorylation  of  these 
additional  sites  regulates  the  activity  of  N-NES.  Interestingly, 


mutation  of  LZ-NES  increased  nuclear  localization  of  ATF2  in 
COS-1  cells  but  not  in  HEI<  293T  or  LNCaP  cells,  suggesting 
that  N-NES  is  a  dominant  export  signal  in  the  latter  two  cell 
types.  One  possible  explanation  is  that  N-NES  activity  is 
enhanced  by  signaling  that  is  activated  in  these  cell  types.  In  this 
case,  comparing  the  difference  of  cellular  signaling  between  cell 
types  with  differential  N-NES  activity  may  help  unravel  mech¬ 
anisms  that  regulate  N-NES.  Alternatively,  activity  of  N-NES 
may  be  modulated  by  ATF2-interacting  proteins,  such  as  El  A 
and  CREB-binding  protein  (21).  Also,  undifferentiated  embry¬ 
onic  cell  transcription  factor  1  (UTF1)  (53)  and  activating  signal 
cointegrator-2  (ASC-2)  (54)  are  reported  to  bind  the  NTD  of 
ATF2  and  function  as  coactivators.  It  will  be  interesting  to  test 
if  these  coactivators  enhance  ATF2  transcriptional  activity  by 
masking  N-NES  and  anchoring  ATF2  in  the  nucleus. 

Our  results  showed  that  mutation  of  N-NES  enhanced  tran¬ 
scriptional  activity  of  FLAG-ATF2  and  FLAG-ATF2-Myc  by 
—90  and  30%,  respectively  (Fig.  5  and  supplemental  Fig.  7). 
Because  C-terminal  Myc  tag  does  not  appear  to  affect  ATF2 
stability  (data  not  shown),  it  may  reduce  the  transcriptional 
potential  of  ATF2  by  causing  a  conformational  change.  Indeed, 
it  has  been  reported  that  function  of  transcription  factors  can 
be  affected  by  N-  or  C-terminal  tags  (55,  56).  Nevertheless,  the 
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enhanced  reporter  gene  activation  by  ATF2  with  mutations  in 
the  N-NES  correlates  with  its  increased  nuclear  localization, 
suggesting  that  regulation  of  N-NES  by  itself  could  increase  the 
transcriptional  activity  of  ATF2.  In  this  sense,  it  is  worth  noting 
that  there  are  multiple  ATF2  alternative  spliced  variants  that 
have  been  deposited  to  the  NCBI  database,  although  their  func¬ 
tions  remain  largely  uninvestigated.  For  example,  ATF2-Varl3 
(GenBank™  number  AAY17215.1)  lacks  the  N-terminal  18 
residues  due  to  the  loss  of  exon  3,  where  N-NES  is  located. 
Based  on  our  finding  here,  it  is  very  likely  that  the  transcrip¬ 
tional  activity  of  ATF2-Varl3  may  be  less  subject  to  the  regu¬ 
lation  by  its  subcellular  localization.  Therefore,  a  switch 
between  spliced  variants  may  be  an  alternative  mechanism  to 
regulate  ATF2  subcellular  localization  and  its  activity.  Consis¬ 
tent  with  this  notion,  alignment  of  full-length  ATF2  with  those 
from  several  species  reveals  that  N-NES  is  only  present  in  Homo 
sapiens ,  Canis  familiaris ,  and  Bos  taurus  ATF2  and  not  in  Gal- 
lusgallus ,  Mus  musculus ,  Rattus  norvegicus ,  and  Xenopus  laevis 
(supplemental  Fig.  9).  It  is  therefore  possible  that  this  additional 
NES  is  evolutionarily  acquired  to  deal  with  more  complex  reg¬ 
ulatory  mechanisms  in  higher  organisms.  Given  that  alteration 
of  ATF2  subcellular  localization  has  been  observed  in  several 
human  diseases  (22-26),  further  analysis  of  the  regulation  of 
N-NES  under  these  pathological  conditions  will  probably  pro¬ 
vide  exciting  insight  into  the  role  of  ATF2  in  the  pathogenesis  of 
human  diseases. 
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Supplementary  Figure  1 

Western  blot  analysis  of  ATF2- Venus  fusion  proteins.  COS-1  cells  transfected  with  plasmids  encoding 
indicated  proteins  were  lysed  and  subjected  to  Western  blot  with  anti-Flag  antibody.  Number  below  each 
lane  is  the  expected  size  (kDa)  of  the  fusion  protein.  The  label  indicates  that  no  additional  mutation  or 
deletion  was  made  in  the  indicated  mutant  ATF2- Venus  fusion  protein. 
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Supplementary  Figure  2 

Subcellular  localization  of  ATF2(1-341)  and  ATF2  (74-149)  fragments.  COS-1  cells  were  transfected 
with  plasmids  encoding  C-terminal  HA  tagged- ATF2(  1-341)  or  ATF2(74-341)  for  16  hr.  Subcellular 
localization  of  ATF2  fragments  was  determined  by  immunostaining  with  anti-HA  antibody.  Top: 
Representative  images.  Scale  bar  represents  10  pm.  Bottom:  Quantitative  results  of  the  ratio  of  nuclear  to 
cytoplasmic  mean  fluoresce  intensity  from  more  than  50  cells. 
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Supplementary  Figure  3 

Function  of  ATF2  N-NES  in  various  cell  lines.  A.  LNCaP,  PC3  or  HEK293T  cells  were  transfected  with 
plasmids  encoding  Flag-ATF2(l-73)-2xVenus(A206K)  or  Flag-ATF2(l-73,N-NES4A)-2xVenus(A206K). 
Cells  expressing  Flag-ATF2(l-73)-2xVenus(A206K)  were  then  treated  with  or  without  LMB  for  3.5  hr. 
Shown  are  representative  images.  Scale  bar  represents  10  pm.  B.  Quantitative  results  of  ATF2  subcellular 
localization  from  more  than  50  cells. 
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Supplementary  Figure  4 

Effect  of  LMB  on  subcellular  localization  of  two  NES-mutated  ATF2.  COS-1  cells  were  transfected 
with  plasmid  encoding  Flag-ATF2(N/LZ-NESm)-Venus(A206K)  for  16  hr,  followed  by  DMSO  or  LMB 
treatment  for  3.5  hr.  Top:  Representative  images.  Scale  bar  represents  10  pm.  Bottom:  Quantitative  results 
of  ATF2  subcellular  localization  from  more  than  50  cells.  No  significant  difference  was  found. 


4 


A 


ATF2-Venus 


Venus 


DAPI 


Merge 


B 


o 


(0 

c 

a> 


c 

tU 

a> 


A*  ^ 


y*y 


Supplementary  Figure  5 

Effect  of  NES  mutations  on  subcellular  localization  of  full-length  ATF2-Venus(A206K)  in  HEK 
293T  cells.  HEK  293T  cells  were  transfected  with  plasmids  encoding  Flag-ATF2(WT)-Venus(A206K), 
Flag-ATF2(N-NES4A)-Venus(A206K),  Flag-ATF2(LZ-NES3A)-Venus(A206K)  or  Flag-ATF2(N/LZ- 
NESm)-Venus(A206K).  A.  Representative  images.  Scale  bar  represents  10  pm.  B.  Quantitative  results  of 
ATF2  subcellular  localization  from  more  than  50  cells.  Different  letters  above  the  bars  indicate  significant 
differences  (p  <  0.05)  in  the  ratio  of  nuclear  to  cytoplasmic  fluorescence  intensity  (One-way  ANOVA). 
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Supplementary  Figure  6 

Effect  of  NES  mutations  on  subcellular  localization  of  full-length  ATF2-Venus(A206K)  in  LNCaP 
cells.  LNCaP  cells  were  transfected  with  plasmids  encoding  Flag-ATF2(WT)-Venus(A206K),  Flag- 
ATF2(N-NES4A)-Venus(A206K),  Flag-ATF2(LZ-NES3A)-Venus(A206K)  or  Flag-ATF2(N/LZ-NESm)- 
Venus(A206K).  A.  Representative  images.  Scale  bar  represents  10  pm.  B.  Quantitative  results  of  ATF2 
subcellular  localization  from  more  than  50  cells.  Different  letters  above  the  bars  indicate  significant 
differences  (p  <  0.05)  in  the  ratio  of  nuclear  to  cytoplasmic  fluorescence  intensity  (One-way  ANOVA). 


6 


2.5- 


jun2-luc 


>» 

I  _  2.0H 

4  flj 
o>  = 

w  c  .  _ 

£  §  1.5H 

aj  QC 

j  *|  10H 

<D  Li. 

>  — ' 

^  0.5H 

Q> 

o : 


0.0- 


P<0.05 


V-  Y* 


Supplementary  Figure  7 

Effect  of  NES  mutations  on  transcriptional  activity  of  ATF2-Myc  fusion  proteins.  Serum  starved 
COS-1  cells  were  transfected  with  0.5  pg  of  jun2-luc ,  100  ng  pRL-TK,  along  with  2  pg  of  pCMV-Flag- 
Myc  (vector),  pFlag-ATF2-Myc,  pFlag-ATF2(N-NES4A)-Myc,  pFlag-ATF2(LZ-NES3A)-Myc  or  pFlag- 
ATF2(N/LZ-NESm)-Myc  for  24  hr.  Values  of  Firefly/Renilla  luciferase  were  presented  as  fold  over  vector 
control.  Results  are  shown  as  mean±S.E.  from  four  independent  experiments  and  each  experiment  was 
conducted  in  duplicate. 
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Supplementary  Figure  8 

Localization  of  ATF2  determined  by  N-  or  C-terminal  Venus  fusion.  COS-1  cells  were  transfected 
with  plasmids  encoding  Flag-ATF2-Venus(A206K)  or  Flag-Venus(A206K)-ATF2  for  16  hr.  Top: 
Representative  images.  Scale  bar  represents  10  pm.  Bottom:  Quantitative  results  of  ATF2  subcelluar 
localization  from  more  than  50  cells. 
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Supplementary  Figure  9 

Sequence  alignment  of  the  ATF2  N-terminus  from  various  species. 
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